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Abstract

THIS DISSERTATION CONCERNS how design automation as well as rapid prototyping
and testing of subscale prototypes can support aircraft design. A framework for design
automation has been developed and is applied specifically to Micro Air Vehicles (MAV).
MAVs are an interesting area for design automation as they are an application where the
entire design, from requirements to manufacturing, can indeed be automated. From a
complexity point of view it can be considered to be similar to conceptual design of manned
aircraft.
The created design optimization framework interfaces several software systems to
generate MAVs to optimally fulfil specific mission requirements. The goal has been to find a
method for MAV design and optimization from a holistic viewpoint, i.e. not a method for
optimizing single subsystems, such as motor or propeller, but a method that embraces all
disciplines of MAV design. Key drivers have been the use of off-the-shelf components
wherever possible and to optimize the geometric shape not just from an aerodynamic
perspective, but also to consider internal component placement and stability criteria. The
optimization technique chosen is a multi-objective genetic algorithm. Finally, a novel method
for direct digital manufacturing of MAVs is proposed.
The utility of the framework has been demonstrated with several case studies on MAV
design. The propulsion system is identified as most influential on MAV performance and thus
is where it is most important to have accurate models. For this reason the models used in the
framework are experimentally validated. The influence of atmospheric winds and turbulence
on MAV performance is also experimentally investigated.
The subscale testing efforts are aimed at reducing cost and increasing the usability of
flight testing with subscale vehicles. Data acquisition system design is described and low-cost
testing methods are presented, such as car top testing or in-flight flow visualization. Two
subscale flight projects are also presented.
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Sammanfattning

DEN HÄR AVHANDLINGEN handlar om hur konstruktionsprocessen av flygplan kan
stödjas dels genom förbättrade analysverktyg, s.k. konstruktionsautomation, och dels genom
metoder för att snabbt och billigt kunna tillverka och testa nedskalade prototyper.
Konstruktion av flygplan är ett komplext område som innefattar många tätt
sammanlänkade underdiscipliner. Ett lyckat flygplan är således en väl avvägd kompromiss
mellan alla dessa discipliner. Dagens hårda konkurrens, krav på miljö, samt tekniska
komplexitet ökar kraven på att framtidens flygplan måste vara bättre optimerade än idag.
Traditionell flygplanskonstruktion kan ses som en sekventiell process där man stegvis förfinar
konstruktionen en disciplin i taget. Med modern datorkraft och beräkningsprogram kan denna
process delvis automatiseras varpå man på ett tidigare stadium kan ta hänsyn till fler
discipliner. Många av de steg som tidigare genomförts sekventiellt kan nu göras parallellt. Det
ökar möjligheten att nå en optimal konstruktion, samt minskar riskerna för att man tidigt
bygger in fel i konstruktionen som är kostsamma att rätta till i ett senare skede. I den här
avhandlingen beskrivs hur sådan konstruktionsautomation kan genomföras med hjälp av
multidisciplinär optimering och en sammankoppling av ett flertal programvaror. Detta har
speciellt applicerats på så kallade ”micro air vehicles” (MAV).
En MAV kan beskrivas som en luftfarkost av en sådan storlek att den enkelt kan bäras och
skötas av en person. I princip ett flygplan i samma storleksklass som fåglar. I Sverige
benämns dessa ofta som ”micro UAV”. Nyttan med MAVs är många sett både från ett militärt
och civilt perspektiv. Typiska användningsområden är spaning/övervakning inom polis,
militär och räddningsverksamhet, samt kartering, meterologi, gränsbevakning,
jordbruksinventering etc. Den konstruktionsautomation som har utvecklats möjliggör att
generera MAVs optimerade för givna prestandakrav och önskad nyttolast. I optimeringen så
genereras den optimala skrovformen, val av framdrivningssystem, samt placering av interna
komponenter. Slutligen så tillverkas den genererade farkosten genom en 3D skrivare.
Avhandlingen lägger även vikt vid att experimentellt validera de beräkningar som ligger till
grund för optimeringen.
Det andra spåret i avhandlingen behandlar ämnet konceptutvärdering genom nedskalade
modeller. Att bygga och testa fysiska modeller är egentligen inget nytt inom flygkonstruktion.
Avhandlingen visar dock hur man med modern teknik kan göra detta billigare än tidigare och
samtidigt öka nyttan. Miniatyriseringen av elektronik gör att det idag går att utrusta
radiostyrda demonstratorer med avancerade mätsystem varpå värdefull data kan insamlas.
Vikten av att kunna testa fysiska prototyper ökar alltjämt som flygindustrin blir allt mer
teoretisk. Tiden mellan olika flygplanskonstruktioner blir också längre, samt att behovet för
nya radikala konstruktioner ökar för att möta de strama miljökraven. Att snabbt och billigt
kunna utvärdera prototyper blir därför en allt viktigare del för att hålla kompetensen på en hög
nivå. Avhandlingen behandlar skalning, konstruktionsmetoder, instrumentering och testning.
v
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Abbreviations
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MEMS
PID
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Atmospheric Boundary Layer
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Radio Control
revolutions per minute
Serial Peripheral Interface
Unmanned Aircraft Systems
Unmanned Aerial Vehicle
Extruded Polystyrene
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Notations
Symbol
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Lm
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nm
n
P
R
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Description
Duty cycle length
Wing chord (m)
Pitching moment coefficient
Power coefficient
Thrust coefficient
Diameter (m)
Earth gravitation (m/s2)
Current (A)
Motor zero load current (A)
Moment of inertia (kgm2)
Advance ratio
Reduced frequency parameter
Motor rpm proportionality coefficient (rpm/V)
Characteristic linear dimension (m)
Motor inductance (H)
Losses due to ESC PWM (W)
Motor revolutions per minute (1/min)
Revolutions per second (1/s)
Power (W)
Electric resistance ()
Propeller 75% radius location (m)
Reynolds number
Scale factor
Thrust (N)
PWM cycle length (s)
Voltage (V)
Velocity (m/s)
Fluid kinematic viscosity (m²/s)
Angular frequency (rad/s)
Fluid dynamic viscosity (Ns/m2)
Ratio of air density to that of sea level
Density (kg/m3)
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Introduction

A

IRCRAFT DESIGN IS a challenging area and involves many tightly-coupled subdisciplines. Due to its tremendous complexity aircraft development is often plagued by delays
and budget overruns. This demands faster and more efficient design processes. Unlike many
other industries, aircraft design is not a product-intensive area. The time between products is
comparatively long, and the trend is that this time is increasing. For this reason, aircraft
industries do not have nearly as efficient product development processes as for instance the
automotive industry. Increasing time between projects also slowly drains knowledge and
experience from the field of engineers involved in aircraft design. How can these challenges
be addressed in the future? How can modern technology be utilized to support the design
process in order to shorten development time and to minimize the possibility of early design
flaws that are expensive to correct at a later stage? One way is to take advantage of the strong
evolution in computational power in modern computers. With increased computational power
more advanced calculations and simulations can be carried out earlier in the design process.
More intelligence can be coded into the design tools.
Aircraft design is traditionally separated into three phases: Conceptual design, Preliminary
design, and Detailed design (Figure 1-1).

Figure 1-1. Aircraft design process as suggested by Brandt et al. [11]
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In conceptual design, a great many design options are explored. Each concept is analysed for
its presumable performance, cost, technical feasibility etc. and is compared against the other
concepts and general design requirements. In the end one or two designs are selected and
carried over to preliminary design. With the selection of a concept in the conceptual design
phase, the foundation of the total development cost is more or less laid out; however, the
analysis tools on which this decision is made may not provide enough information to draw a
sound conclusion.
During preliminary design, more detailed analysis is taking place. The geometry and
aerodynamics are fine-tuned using more accurate flow simulations, wind tunnel testing, etc.
Sub-systems and internal structure are more accurately defined and optimized.
In detailed design, every single part and sub-system of the aircraft is designed in as much
detail as required for manufacturing.
The consequence of increased computational capacity is that some of the analysis
previously made in preliminary and detailed design can be shifted towards conceptual design.
Rather than use handbook formulas in conceptual design, systems of cooperating
computational tools can be used to define the aircraft more accurately and predict its
characteristics to a higher confidence. This type of design systems often goes under the term
intelligent systems or design automation systems (see more in chapter 2).
Another field in which technology can assist aircraft design is testing of physical
prototypes. With modern technology prototypes can be created at lower cost and provide
more data. Electronics have become smaller, more powerful and cheaper, thus allowing
relatively small prototype vehicles to be equipped with accurate data logging equipment.
Rapid prototyping processes and advanced computer tools allow subscale prototypes to be
swiftly created at low cost. Through rapid testing and evaluation of small-scale prototypes,
invaluable information can be obtained. This type of testing is often referred to as Subscale
Flight Testing. It can either be used to retrieve quantifiable data or to provide a qualitative
assessment of the aircraft’s general qualities. It can provide new perspectives that may lead to
detection of errors in analysis assumptions, simulation models, etc., thus avoiding expensive
surprises at a later stage. For unconventional configurations it can even serve as proof for the
design team that the design is feasible.
This thesis concerns how both design automation and subscale testing can be used in
aircraft design. As a main topic, design automation has been applied to Micro Air Vehicles
(MAV). The thesis describes how a framework for automated MAV design and optimization
has been developed. MAVs are an excellent application for developing design automation
techniques, as their complexity is at a level where the entire process, from mission
requirement to actual fabrication can indeed be automated. Design automation of any aircraft
is of great interest, but depending on the complexity level it can only be automated to a
certain degree. The complexity level of a complete MAV design may to some extent reflect
the level of complexity typically required during conceptual design of traditional manned
aircraft. The framework described in this thesis could thus be considered not only to be a
MAV development tool but also a stepping stone for the conceptual design of larger
Unmanned Air Vehicles (UAV) and manned aircraft.

1.1 Background
Over the past years, the author has been involved in research on aircraft design methodology,
in particular in the field of UAVs including practical work on design, fabrication and
operation. The research position has partly been a collaboration between two different
divisions at Linköping University: the Division of Fluid and Mechatronic Systems (FluMeS)
and the Division of Artificial Intelligence & Integrated Computer Systems (AIICS). At
Flumes, the author has worked in the subgroup of aircraft design, and in the AIICS division
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the unmanned aerial systems research group UASTech. The work within the Flumes group
has focused on design methodology and concept testing for aircraft design. In the UASTech
group the author has been involved in developing vehicle platforms used in Unmanned Aerial
Systems (UAS) research and in particular Micro Air Vehicles. The common denominator has
thus been design methodology and design automation for MAVs, including aspects of flight
testing and rapid prototyping of demonstrators.

1.2 Micro Air Vehicles
MAVs can generally be defined as unmanned air vehicles that are small enough to be
operated and carried by one person. They are primarily used to gather information using some
sort of sensor, and can be either remotely piloted or autonomous. MAV sensors are most
commonly video cameras, but could just as well be chemical, biological, acoustic or
electromagnetic sensors. The configuration of a MAV can be anything from a fixed wing
(airplane), to a rotary wing (helicopter) or flapping wing (ornithopter). MAVs are attractive
for low-cost aerial monitoring/surveillance. Some suitable areas of use are police, civil rescue,
agriculture, meteorology, military etc. It is expected that with the technological progress,
miniaturization and reduction in cost of modern electronics, that MAVs will be commonly
used in the future and have a potentially large market, both from a civilian and military
perspective.
Interest in small, micro-sized UAVs began in the early 1990s when miniaturization of
electronics had come to a point where one could foresee a future with useful sensors, and
control systems small enough to be carried by tiny bird-size UAVs. The first studies were
conducted by the RAND Corporation in the United States and were supported by the United
States Defence Advanced Research Projects Agency (DARPA) [20]. Their focus was to study
the possibilities of using small portable UAVs for military operations, typically to create
UAVs small enough for a soldier to carry in the battlefield as an intelligence-gathering flying
robot to improve situational awareness. In 1996, DARPA initiated a major development
programme to create what they called Micro Air Vehicles. The original goal was to develop a
small UAV whose largest dimension was no more than 152 mm (6 inches), and that could
carry 18 g of sensor payload with a take-off weight of less than 90 g [90]. The most wellknown result from this development programme is the Black Widow [44]. DARPA’s
dimensional requirement of <152 mm has since often been referred to as a definition of
MAVs. More generally, the term MAV has been used to describe UAVs of typical bird size,
or man-portable systems, without considering a maximum size. For instance, in the RPAS
yearbook, MAV refers to UAS below 5 kg take-off weight [123]. Some commercial systems
that are referred to as MAVs are the 8 kg Honeywell T-Hawk and the Aerovironment 720 mm
span Wasp [54].
A different description of MAVs, that may better fit the civilian market, is that MAVs are
small aircraft that have such little kinetic energy in flight not to harm a human in the event of
a crash. This should convey an acceptance among ordinary people and authorities for MAVs
to be used in urban environments and without the strict safety rules imposed on larger UAVs.
In the remainder of this dissertation, the acronym MAV refers to small aerial vehicles that
can be easily operated and carried by one person, without implying a maximum size.

1.3 MAV Design Automation
Micro Air Vehicles have some important characteristics that need to be considered during
their design process. Some important points are summarized below.
 Optimization: As size decreases, the aerodynamic and propulsion system effectiveness
scales unfavourably [104]. Drag rises and maximum lift decreases. Motor efficiency is
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reduced and the weight for storing energy increases. With small size, the practical
payload weight is also extremely limited. For these reasons, optimization is very
important in order achieve MAVs with practically useful performance. The advantage
of employing numerical optimization in MAV design has been emphasised by for
instance Rais-Rohani and Hicks [108].
 Mission specific design: Systems integration is an important part of MAV design [20],
and the airframe need to be tightly shaped around the on board systems. Some internal
components may even be integrated with the structure. MAVs are also sensitive to
centre of gravity position, and the distribution of components is therefore important [3].
Consequently MAVs have to be neatly designed around its sensors and mission
requirements. If either of these are changed, a new airframe is likely to be needed.
 Component availability: Many of the components that are used in MAVs are taken
directly from the radio control hobby market. These are components such as propulsion
system parts, control surface actuators, etc. The market of such parts, in the scale
suitable for MAVs, has exploded in recent years and there are a great many components
available. This is good for keeping the price low, but it is no trivial task to combine
components in order to achieve optimal performance.
 Low cost: MAVs need to be very low-cost. The lower the cost the larger the potential
market and possible area of use. From a military perspective, they are sometimes even
thought of as expendable [69]. MAVs can be produced at very low cost, but designing
them with accuracy and performance is not in proportion to the fabrication costs.

MAV design is an active research area. Current research typically focuses on areas such as
low Reynolds number aerodynamics, control system theory, sensor development, autonomy,
miniaturization, etc. From a designers point of view, when considering the points listed
above, it seems as if there would be of value to have an automated design process that allows
a MAV to be designed and optimized around existing off-the-shelf components quickly and
for specified payload and mission requirements. This is illustrated in Figure 1-2.

Figure 1-2. Principle of Micro Air Vehicle design automation.

From an objective, or mission requirement, performance numbers are extracted and a
decision is made as to what sensors and on-board systems are needed. A design tool, or
framework of computer software, is then used to generate an optimal airframe, ideally directly
fabricated, a list of off-the-shelf propulsion system components and, finally, the control
settings required for autonomous flight, ready to upload into the intended autopilot.
From a research perspective, having the capability of an automated MAV design method
also offers some interesting possibilities. Some of the research carried out in the AIICS group
aims at higher level autonomy and cooperative robotics. Their research has for instance
targeted mission planning using multiple UAV systems cooperating to solve a common task
[25][26][49][135]. Design automation of MAVs opens up a greater freedom in such research
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problems. Rather than looking into how a mission can be solved most effectively using
existing platforms, the focus could be shifted more towards how to solve the mission
depending on what sensors are selected, and where the platform is a free variable.

1.4 Aim and Limitations
The work behind this thesis has focused on how design automation and subscale testing can
be used to support aircraft design. On the topic of design automation the work has focused on
combining computer-based tools to achieve a robust optimization methodology of aircraft.
This has been particularly aimed at MAVs with the intention of creating a fully automated
design process, in accordance with Figure 1-2, including manufacturing aspects. An objective
has been to use representative models for all subsystems, but not to put any significant effort
into developing the modelling itself. To limit complexity, implementation of control system
design has been left out of the process and only fixed wing aircrafts have been considered.
The work on subscale testing has aimed at reducing the time, cost and enhancing the benefit
of manufacturing and testing subscale aircraft.

1.5 Dissertation Outline
Chapter 2 introduces the reader to intelligent systems applied in engineering design and is a
general literature review on the subject. Chapter 3 covers general theories for the design of
small UAVs and in particular MAVs. Established methods for modelling aerodynamics,
system components etc are explained. Important publications on the subject are referenced.
Chapter 4 explains how a framework for automated design of UAVs has been built up and
incorporates many of the theories discussed in chapter 3. Chapter 5 summarizes a few case
studies of MAV design where optimization and design automation has been employed. In
chapter 6 the dissertation takes on a more experimental nature and several of the models used
in the framework are validated. The real world flow environments of MAVs is also studied in
order to classify the aerodynamics as steady or unsteady. Chapter 7 continues on the topic of
experimental work and focuses on how rapid prototyping of concepts and subscale flight
testing can support aircraft design. Chapter 8 concludes with a discussion and some final
remarks.
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2
Intelligent Systems
in Engineering
Design

ENGINEERS HAVE ALWAYS used tools to support their work. These might for instance
be physical tools such as hammer, pen and paper, wheel, etc., or communication tools such as
languages, mathematics and so forth. With the introduction of digital computers a new tool
became available. Machines could be created to support numerical calculations at a rate never
seen before. Ever since, scientists have striven to improve the intelligence of these machines,
with the ultimate goal of reaching, or surpassing, the intelligent mind of humans. This field of
science is referred to as artificial intelligence [95]. Intelligent systems in engineering design
can be described as an area where traditional engineering meets the theory of artificial
intelligence. It builds on the idea of incorporating more knowledge and computing techniques
into design tools, thus cutting development time, or, ideally, automating the entire design
process. Hopgood [56] divides intelligent systems into three categories: Knowledge-based
systems, Computational intelligence and Hybrid systems. In each category there are a number
of different established systems or techniques. An overview of available techniques is given
in Figure 2-1. Hopgood also states that it can be questioned if any of the current tools actually
display any intelligent behaviour. Nevertheless, they do allow engineering problems to be
solved more efficiently.
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Figure 2-1. Categories of intelligent systems, adapted from Hopgood [56].

2.1 Definition of knowledge
Intelligent system tools incorporate varying forms of knowledge. In order to elaborate on
these systems it is necessary to also define what knowledge is. On a philosophical level, the
matter has been a topic for constant discussion and no single agreed upon definition of
knowledge exists. The main difficulty lies in defining the difference between knowledge and
beliefs. In engineering, however, we often assume the perception of reality to be unanimous
and thus a more general description can be accepted without going deeply into philosophical
ambiguities. Therefore a description such as the Oxford Dictionary’s [99] is adequate
“1. Facts, information, and skills acquired through experience or education; the
theoretical or practical understanding of a subject.
2. Awareness or familiarity gained by experience of a fact or situation.”
In the area of knowledge engineering Milton [85] summarises common descriptions of
knowledge as:





“Knowledge is a highly-structured form of information;
Knowledge is what is needed to think like an expert;
Knowledge is what separates experts from non-experts;
Knowledge is what is required to perform complex tasks.”

Knowledge can be categorized into different types. Awad [5] divides knowledge into three
types; explicit, tacit and implicit knowledge. Explicit knowledge is knowledge that can easily
be described and transmitted to others. Examples of explicit knowledge are the typical
information stored in encyclopaedias. Tacit knowledge, on the other hand, is the knowledge
that cannot be verbalized or written down and is therefore difficult to transfer to another
person. The term was originally introduced by Polanyi [106] and typically refers to practical
skills. Implicit knowledge is somewhere in-between explicit and tacit knowledge. It is
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knowledge that is believed to be tacit but that can be transformed into explicit through some
sort of mining process [37].
Knowledge can also be divided into factual knowledge and heuristic knowledge [34].
Factual knowledge is knowledge that is scientifically agreed upon by knowledgeable persons
in the particular field, and is typically shared in textbooks, journals etc. Heuristic knowledge,
or heuristics, is knowledge acquired from practical experience. This is typically rules of
thumb, good practice or plausible reasoning.

2.2 Knowledge Based Systems
In knowledge based systems (KBS), knowledge is explicitly represented using words or
symbols and is combined to form rules, relationships, facts or other forms of knowledge
representations. The difference against a conventional computer program is that in a KBS the
knowledge is decoupled from the actual program. Hopgood [56] refers to this, in its simplest
case, as two modules: the knowledge module, called knowledge base, and the control module.
The control module is called inference engine and can be set up for different types of
knowledge. By separating the knowledge from control, it becomes easier to add or modify
knowledge to the system. Working with the knowledge base requires no particular
programming skills. The knowledge base contains typical explicit knowledge and is expressed
in the form of rules and facts. Rules may however be complex and facts may include
sequences. The knowledge base may also be formed to handle uncertainty with techniques
such as Bayesian updating or fuzzy logic [56].
The inference engine can be divided into two types: forward chaining and backward
chaining. In forward chaining, available data is used to form as many derived facts as it can.
This may provide unpredictable results, but has the benefit that it may lead to novel and
innovative solutions. In backward chaining, there is already a goal, but the question is to find
what data leads to this goal.
A special type of KBS falls under the term expert systems. These are designed to embody
human expertise in a particular field. Jackson [62] defines an expert system as “a computer
program that represents and reasons with knowledge of some specialist subject with a view to
solving problems or giving advice”. Expert systems are often sold as complete software
packages that the user then fills with knowledge for their particular application. This begins
with some sort of knowledge acquisition process. Either knowledge of a human expert is
articulated into explicit information or the system automatically learns from examples.

2.3 Computational Intelligence
In computational intelligence, knowledge is not explicitly stated. It is represented by numbers
and equations which are adjusted as some sort of computational sequence is taking place.
Computational intelligence generally includes [56]:






neural networks;
evolutionary algorithms such as genetic optimization;
probabilistic methods such as Bayesian updating and certainty factors;
fuzzy logic;
combinations of the above with KBSs.

Neural networks are systems to mimic networks of biological neurons, as in the human
brain. They consist of nodes or neurons that are built up from nonlinear computational
elements and that are interconnected by weighted links. The network’s processing capability
is stored in the connection weights [46]. Neural networks are trained using existing data sets,
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or training patterns and may thus be used to create models of systems without understanding
the physics behind them. As the training pattern the system response for a wide range of input
data is typically used.
Evolutionary algorithms are an optimization technique inspired by biological evolution.
They mimic the mechanisms of reproduction, mutation, recombination and the idea of the
survival of the fittest. Probably the most common evolutionary method is the genetic
algorithm, described further in section 2.5.1.
Probabilistic methods and fuzzy logic are techniques for handling uncertainty. These
techniques are a mixture of rules and numerical values and therefore classify as both
computational intelligence and knowledge base systems.

2.4 Hybrid systems
Hybrid systems are tools that incorporate a mixture of both knowledge based systems and
computational intelligence. Many problems in engineering are multifaceted and a single
technique may not be suitable for all facets. Therefore, in reality, many systems are designed
as hybrids, built up of several modules, and where each module incorporates the most suitable
tool for its specific task. Such a system may also be referred to as a black board system
(Figure 2-2). In a blackboard system each module is referred to as a knowledge source (KS),
and each knowledge source operates independently, communicating through the blackboard.

Figure 2-2. Illustration of Blackboard system, adapted from Hopgood [56].

The developed framework for MAV design automation, described in chapter 4 is an
example of a hybrid system, incorporating several knowledge sources.

2.5 Design Automation
When intelligent systems are used in engineering, the objective is in general to help the
engineer perform repetitive work, thereby reducing costs and increasing productivity. The
ultimate goal is to automate product development to the maximum extent. The term design
automation is widely used in the literature, but there is no commonly agreed definition. It is
often used to describe automation of varying types of design processes [7][12][64][92]. Since
the term is used frequently in this dissertation it is appropriate to give some sort of delineation
of its meaning.
In general, design automation refers to a model that takes given design inputs
(requirements and constraints), and transforms them into a desired output in the form of a
design description. The model may be of a simple nature, or a complex framework of models.
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Design automation could be described as an area that embraces intelligent systems for
applications concerning some sort of design process. In many ways it is synonymous to
intelligent systems, but it is also differs from intelligent systems in the sense that it may
include models that do not fulfil the sophistication level of intelligent systems. Design
automation to a great extent relies on methods of optimization and multi-disciplinary design
optimization.
2.5.1 Design Optimization
In design automation, the objective is often to not only automate the design, but also ensure
that the generated design is the best possible solution. This requires optimization. There are
varying forms of optimization methods. Figure 2-3 shows a summary of available
optimization strategies.

Figure 2-3. Common optimization strategies, adapted from Amadori [4]

The tools that are of interest in this dissertation are numerical optimization. In numerical
optimization, the model of the problem to be studied is fully described by variables. These socalled design variables can be of continuous or discrete nature, and their values are
determined during the process of obtaining the optimal solution [98]. The formulation of what
is considered optimal is carried out with a mathematical function, called the objective
function. During an optimization the design variables are adjusted in order to minimize or
maximize the value of the objective function. The range over which the variables are allowed
to vary is called the design space. If there are no boundaries for the variables the optimization
is called unconstrained. In reality, most optimization problems are in some way constrained.
Complex design problems often also include multiple objectives. In a multi-objective
optimization there are two or more conflicting objectives, and no single solution can
optimally satisfy each objective. The result is instead a set, or curve/surface, of optimal
solutions that to varying degrees fulfil the different objectives. A solution in this set is defined
as optimal if there is no other solution that improves one objective without worsening another
one. These solutions are called non-dominated, or Pareto optimal. Multi-objective
optimization is sometimes also referred to as Pareto optimization.
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Numerical optimization can be of either gradient-based or non–gradient-based type.
Gradient-based methods require the partial derivative of the objective function in order to
compute the direction along which to move in order to reach the extreme point. Gradientbased methods can usually find an extreme point quickly but can have a problem finding the
global optimum in an objective function with many extreme points. Since gradient-based
methods make use of the objective functions derivative, the shape of the objective function
needs to be smooth and continuous. For this reason gradient methods cannot be used in
problems involving discrete variables.
Non-gradient methods are more computationally intensive, but often have a higher
probability of finding the global optimum. Evolutionary algorithms are a category of nongradient methods. Evolutionary algorithms may be computationally expensive but have the
advantage that multiple optimal solutions can be found in a single optimization run. They are
therefore especially well-suited for multi-objective problems [21]. For optimization of large
systems possibly the most used optimization method is genetic algorithms. Genetic algorithms
(GA) have been the primary optimization strategy for the problems studied in this
dissertation. They are very robust, can handle large amounts of variables, and accept both
discrete and continuous variables. Genetic algorithms are a class of evolutionary algorithms
that use techniques inspired by evolutionary biology such as inheritance, mutation, selection,
and crossover. Genetic algorithms are implemented in a computer code in which a population
of candidate solutions to an optimization problem evolves towards better solutions. These
candidate solutions could be compared to a population of creatures in the biological world.
Each solution is represented by a genetic code of n genes, corresponding to n design
variables. The evolution starts from a population of randomly or systematically generated
individuals and takes place in generations. In each generation, the fitness of every individual
in the population is evaluated. The best individuals are combined and possibly mutated in
order to form offspring for a new population. The new population is then used in the next
iteration of the algorithm. The algorithm terminates either when a maximum number of
generations has been produced, or when the improvement in the population’s fitness,
measured over time, falls below a predefined value. If the algorithm has terminated due to a
maximum number of generations, a satisfactory solution may or may not have been reached.
2.5.2 Multi-disciplinary Design Optimization
In complex systems, there are a number of disciplines involved. In the course of finding an
optimal system design, each discipline, or sub-system, cannot be optimized on its own. In
order to find the best solution, the entire system with all its disciplines must be optimized
simultaneously. This is multi-disciplinary optimization, or MDO. MDO can be described as a
method to find the best compromise.
Aircraft design is an application that involves many, tightly coupled, disciplines. For
instance, the propulsion system cannot be optimized without including aerodynamics,
structure, fuel system and so forth. The traditional approach to aircraft design more or less
follows a sequential path of successive refinements and small steps of optimizations. Fielding
refers to this as the as the design spiral [36]. It is a fact that sequential optimization in general
does not provide the true optimum [119]. The more couplings there are between the
disciplines of the system to be designed the greater potential MDO has to improve upon the
true optimum. For this reason, MDO has great potential in aircraft design and MDO is often
applied in research on the subject [110][104][82][41].
An MDO process, as described by Vandenbrande [124], typically includes 3 elements
(Figure 2-4):
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A design explorer that can select appropriate design points {x1, x2, …, xn} to be fed to
the system model.
An optimizer that controls the design points’ selection, with the purpose of efficiently
exploring the design space to ultimately find the “best” concept.
A multidisciplinary design analysis response model (MDA) that is able to capture and
simulate all critical aspects of multiple disciplines; it can be modified and updated to
fit the chosen design points and it provides the simulated system responses {f1, f2, …,
fm}.

Figure 2-4. General representation of an MDO framework (adapted from Vandenbrande et al. [124]).

The difficulty in creating MDO systems is often the implementation of the analysis response
model. For a complex system, this requires a framework of interconnected software that is
often originally designed as standalone applications. The programming task of getting all the
modules and software to interact fluently is non-trivial, although off the shelf software
solutions for this interfacing problem are becoming available.
Besides serving to systematically search through the design space to find the optimal
solution, MDO may also help in investigating the relative importance of design variables and
constraints [110]. This allows identification of which variables are key factors in achieving
the optimal design, and may therefore also be used to indicate which models should be
afforded the highest accuracy.
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3
Theory for Micro Air
Vehicle Design

MICRO AIR VEHICLE design represents many challenges and differs from conventional
aircraft design in several aspects. This chapter aims to introduce the reader to general theories
and problem areas in MAV design. Established methods for modelling system components,
aerodynamics etc is explained. Some of the current MAV research areas are also described.

3.1 MAV Challenges
The small size of MAVs results in several design challenges. From an aerodynamic point of
view, MAVs differ from conventional aircraft in several respects. First of all, they fly at
significantly lower Reynolds numbers. The Reynolds number is a ratio of how inertial forces
relate to viscous forces in a fluid. Manned aircraft typically fly at a Reynolds number of
several million, while MAVs fly at Reynolds numbers of around 400,000 and below.

Figure 3-1. Reynolds number vs. mass for insects to airliners.
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Figure 3-1 illustrates typical Reynolds numbers for insects and up to large airliners. The
Reynolds number range of interest for MAVs is shaded, and as a reference 3 existing MAV
designs are plotted. The Reynolds number on an aircraft wing is defined accordingly to
Re 

vc


(3-1)

where  and , respectively are the density and dynamic viscosity of air, v the air velocity and
c the aircraft wing chord.
At low Reynolds numbers, viscous effects become dominant, which can lead to boundary
layer related problems. The flow over a wing at low Reynolds numbers involves laminar,
transitional and turbulent boundary layers and sometimes with large portions of separated
flow, such as laminar separation bubbles. Within the Reynolds number range MAVs are
expected to fly, these problems manifest themselves to a greater or lesser degree. The range
104 to 105 is common for model aircraft and relatively efficient airfoils have been developed.
Below approximately 70,000, a more problematic region begins where laminar separation
bubbles cause high drag and significant hysteresis in the lift to drag forces [90]. As a
reference, Re=70,000 corresponds approximately to a wing with a 10 cm chord length flying
at 11 m/s (40 km/h).
A second difference from conventional aircraft is that, from the aim of keeping MAV size
as small as possible, MAVs tend to have very low aspect ratio wings. Typically, aspect ratio
is in the range of 1-2. On any finite wing producing lift, a vortical structure forms near the
wing tips. These vortices strengthen as the angle of attack increases and as the aspect ratio is
decreased. For a low aspect ratio wing, such as on an MAV, the tip vortex that rolls off from
the lower side of the wing, hits a significant amount of the upper side wing area and therefore
significantly influences the aerodynamic characteristics [122]. The tip vortices give rise to an
increased drag but also increased lift. This lift increase is nonlinear with angle of attack and
can be seen as a contribution to the otherwise linear lift known for larger aspect ratio wings
[17]. The nonlinear lift increase is typical for aspect ratios of 1 and downwards [125].
Another effect of low aspect ratio wings is that the span of the propeller will be large in
relation to the span of the wing. This will expose a large portion of the wing to the propeller
slipstream/prop-wash. The slipstream can have a positive effect on airfoil performance by
reducing boundary layer problems and increasing maximum lift, delaying stall etc, but there
are hardly any methods that easily and accurately predicts these effects. The influence of the
propeller on maximum lift has been shown by for instance Kornushenko [71]. The slipstream
also results in additional drag. Experimental measurements by Gamble and Reeder show that
for a typical MAV configuration, about 12-18% of the propeller thrust translate into drag [38].
A further complication with MAVs is that they operate at low altitudes within the
Atmospheric Boundary Layer (ABL). The ABL is the region of air affected by the friction
between the earth’s surface and the wind. The characteristics of the atmospheric boundary
layer have been well studied in the past in the field of meteorology and wind engineering
[117][79][67]. It results in a gradient wind field within which the air flow is complex and
turbulent. MAVs are typically operated in the lowest region of the ABL, sometimes referred
to as the roughness zone, and as a consequence are exposed to atmospheric turbulence of
significantly greater intensity than manned aircraft cruising at higher altitudes [132]. This
impacts the MAV’s aerodynamics as well as its robustness as a sensor platform. A significant
amount of research on MAVs targets techniques to suppress or alleviate the influence of wind
gusts, in the sense that the MAV’s pitch, roll and yaw attitude should be minimally impacted
[118][133][60]. As will be discussed further in section 6.4, turbulence in atmospheric winds
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also results in a more or less unsteady flow environment for MAVs. This fact is much less
acknowledged although some reports on the topic exists [93].

3.2 Airframe Design Options
Fixed wing MAVs are more or less exclusively designed as tailless aircraft. This design has
become dominant for several reasons. MAVs need to be robust and withstand rough handling
during transport as well as when in operation. A traditional tail adds weakness to the design.
A tailless aircraft also helps maximize internal volume and wing area, hence payload capacity,
while keeping its overall size minimal. Moreover, since MAVs operate at low Reynolds
numbers, a long wing chord, as in a flying wing, helps maximize the airfoil’s Reynolds
number and thus its aerodynamic efficiency.
In tail-less aircraft, the propulsion system, commonly a propeller, can be placed either in
the nose as a pulling configuration or in the rear as a pushing configuration. The pulling
solution is often preferred although there have been examples of both configurations.
3.2.1 Wing Design
To achieve longitudinal stability in a tail-less aircraft, the wing must have a positive pitching
moment coefficient, cm. This is achieved by means of reflexed (s-shaped) curvature airfoils
like the one shown in Figure 3-2.

Figure 3-2. Classic reflexed mean line airfoil, for tailless aircraft.

The airfoils for MAVs can be either of the thin single surface type (Figure 3-3), or of a thick
double surface type (Figure 3-2).

Figure 3-3. Typical single surface reflex airfoil for flying wings.

Both have their advantages and disadvantages. The single surface airfoil is used to create
what is called “curved plate wings”. Such wings are simple to manufacture, but need a
complementary fuselage to house the MAV’s electric components and payload. The double
surface airfoils are used to create more conventional, thick-winged MAVs. One advantage of
the thick wing is that it has an internal volume that can be used for storage and the need for a
fuselage is thereby reduced or eliminated. The differences between the wing types are
illustrated in Figure 3-4.
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Figure 3-4. MAV wing types.

Looking at the aerodynamic efficiency of the wing alone, previous studies have shown
that for low Reynolds numbers thin, cambered wings are more efficient than those with
significant thickness [72], [77]. Thick wings tend to have a lower maximum lift and higher
drag but, on the other hand, the extra drag of a fuselage can be avoided. When comparing
complete MAVs, thin-wing and fuselage with thick wings and no fuselage, it is not evident
which concept is better. Wind tunnel tests of 3 different MAVs, of which 2 were of curved
plate wing design, were performed by Luke and Bowman [80] and show the thick wing to be
better for MAVs of the 20 cm size. The lower the Reynolds number the more a thin wing
should be favoured. There is undoubtedly a size where the curved plate winged MAV is better
but it is not clear what that size, or Reynolds number, is.
Wings of MAVs can also be divided into rigid type and flexible type. Flexible wing MAV
research is concentrated to the University of Florida [60], [58]. Some of the benefits reported
with flexible wings are delayed stall, increased maximum lift, and passive gust alleviation in
turbulent flying conditions. Flexible wings have also been used to create MAVs that can be
rolled up for easy transportation [65].
In efforts to maximize payload capability and reduce flight speed, in combination with
minimal physical dimensions there have also been studies of biplane MAVs [108][120].
3.2.2 Vertical Stabilizer
As with any aerodynamically stable airplane, an MAV needs a vertical stabilizer, or fin, for
directional stability. Apart from achieving directional stability, the fin can be used as a control
device. The placement and shape of the fin also have a significant impact on lateral stability
and flight-mechanical properties such as cross-coupling between yaw and roll motions.
Common alternative fin placements, as illustrated in Figure 3-5, are discussed below. The fin
can be placed either on the centre line or separated into two fins placed anywhere on the wing,
most commonly on the wing tips. The fin/fins can also be placed above the wing, below the
wing, or on both sides. The vertical placement mainly affects the fins’ contribution to lateral
stability and yaw to roll coupling effects. Placing them on the tip of the wing or on the
fuselage can influence aerodynamic efficiency. As already described, LAR wings such as
those used on MAVs have a significant tip vortex. It is debatable whether placing the fins in
the tip vortex would create extra drag, from being in the vortex, or improve aerodynamic
efficiency by reducing the vortex in the same manner as winglets on conventional wings.

Figure 3-5. Common fin placements on MAVs.
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In a numerical study by Viieru et al. [126], end plates on small MAVs were found to improve
lift, but also increase drag to the point that overall aerodynamic efficiency was reduced. The
same authors later made another numerical study of a different end plate design and found it
to improve the aerodynamic efficiency slightly [125]. However, wind tunnel testing of MAV
wings with and without end plates made by Kornushenko [71] shows up to 20% greater
aerodynamic efficiency. Theoretical studies by Mönttinen also suggest significant gains when
using winglets on MAVs [93].
The size of an MAV fin, described using tail volume coefficient (se [109] for further
description), is often in the range of 0.04 to 0.08.

3.3 Lift and Drag Prediction
This section summarizes the different options available to compute lift and drag on an MAV.
All lift and drag forces result from a combination of shear and pressure forces. Drag forces are
normally classified into several subtypes. There are, however, many different classification
schemes and the terminology can sometimes be confusing and overlapping. One way to
divide the drag forces imposed on a cruising aircraft is shown in Figure 3-6. This scheme will
be used to further discuss drag on MAVs

Figure 3-6. Aircraft drag breakdown, adapted from Ward et al. [129].

Drag is primarily divided into two categories. These are induced drag and parasite drag.
Induced drag is the direct drag created by the downward acceleration of air in order to achieve
the reaction force (lift) needed to remain in the air. Parasite drag is the sum of all drag that is
not directly caused by the creation of lift. Parasite drag can be divided into interference drag
and profile drag. Interference drag typically comes from vortices created in sharp corners or
from protruding objects on the aircraft. On an MAV there are normally few features creating
interference drag, so this type can be assumed to be low. Profile drag, sometimes also referred
to as form drag, comes from the shape of the aircraft. This can be divided into skin friction
drag and pressure drag. Skin friction drag comes from the viscous shear forces between the air
and the surface, or skin, of the aircraft. Pressure drag is related to the streamlined shape of a
body and to the viscous separation that occurs at some point along the body. One additional
drag type that is not included in Figure 3-6, but nonetheless worth considering, is scrubbing
drag. Scrubbing drag is the increase in skin friction drag caused by the local air speed increase
imposed by the propulsion device, i.e. propellers in the case of MAVs.
3.3.1 Traditional Handbook Methods
Traditional handbook methods used in aircraft design, such as described by Roskam [114] or
Raymer [109], have in some cases been used successfully to design MAVs [113][44]. These
methods use simple equations, essentially derived from lifting line theory, to predict lift and
induced drag. Parasite drag is estimated using drag build up methods where the drag of each
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individual component is computed. This is often done by using skin friction equations derived
for flat plates to compute the shear forces for the external surface area. Pressure drag is then
estimated using form factor equations where the friction drag is corrected for the shape of the
component. There are a wide variety of equations for all sorts of bodies, many of which are
described by Hoerner [55]. Interference drag is difficult to predict and traditional handbook
methods often use rules based on experience. For MAVs there is little experience available
and the easiest solution is to make a qualified assumption of a drag penalty (in %) added to
the total parasite drag.
The validity of the handbook methods can be questioned for MAVs. A comparison
between wind tunnel measurements and computations was performed by Luke and Bowman
[80] and found large deviations.
3.3.2 Panel Codes
Erikson [35] describes panel codes as “numerical schemes for solving the Prandtl-Glauert
equation for linear, inviscid, irrotational flow about aircraft flying at subsonic or supersonic
speeds”. Using panel codes, lift and induced drag of complex 3D geometries can be computed
at relatively little computational expense. Panel codes are not as precise as modern CFDs can
be, but they have other advantages. Compared to simple handbook methods, panel codes take
into account the real geometry. Details such as wing twist, wing profile, fuselage shape etc
will be included when the result is computed. Moreover, CFDs require the space around the
studied body to be accurately meshed, while for a panel code it is sufficient to approximate
the aircraft’s outer surfaces with proper rectangular or triangular panels. Therefore, the
meshing time required by a panel code is lower by several orders of magnitude than a CFD
code. Parasite drag, however, will not be given by panel codes; traditional drag predictions
methods are therefore often used in combination with panel codes.
There are several examples of panel codes being used successfully for MAV design.
Cosyn et al. use panel code in combination with two-dimensional wind tunnel data to
compute MAV lift and drag [17]. Cosyn uses Tornado [83] panel code to compute the lift
distribution and then divides the wing into several segments for which, in turn, experimental
two-dimensional airfoil data is used to estimate drag. By combining this method with tip
vortex equations by Lamar [73], good agreement with CFD simulations was demonstrated,
even for the nonlinear range at low aspect ratios.
A similar technique is demonstrated by Lupo et al. [81]. Like Cosyn, Lupo uses Tornado
to compute lift distribution and then divides the wing into segments for drag estimations, but
instead of using wind tunnel data Lupo computes two-dimensional drag data using XFOIL
subsonic airfoil development software [28]. Lupo also accounts for boundary layer effects by
iterating the computations from Tornado and XFOIL. For each iteration the Tornado input
model is modified using the boundary layer found by XFOIL.
3.3.3 Computational Fluid Dynamics
CFD, Computational Fluid Dynamics, is the most advanced form of lift and drag prediction
method. The fundamental basis of any CFD problem is the Navier-Stokes equations, which
define any single-phase fluid flow. Using numerical methods the Navier-Stokes equations, or
the simplified Euler equations, are solved for a grid of points created around the aircraft
geometry. For each point in the grid, fluid motion and forces are computed. This way, the
flow around a body can be accurately simulated, but it comes at the price of heavy
computations. When CFD computations are carried out in industry, large networks of
computers, “supercomputers”, are used and the results can still be largely imprecise if errors
are made in the selection of grid points, boundary conditions, simulation settings, etc.
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CFD can be an excellent tool for MAV analysis and, if used correctly, is probably the best
tool to handle LAR low Reynolds number applications. However, CFD is complicated and
can easily lead to false results if even small errors are made in the input data. CFD is also
unsuitable for design optimization or design automation due to the need for heavy
computational resources. Furthermore, as has been pointed out by Watkins [131], not even
witch CFD it is possible to accurately replicate the complex flow field’s representative of the
atmospheric boundary layer in which MAVs operate.

3.4 Propulsion System
Propulsion systems in MAVs can either be small internal combustion engines or electric
motors. The first generation of MAVs, in the 1990s, used combustion engines, but since high
capacity rechargeable lithium batteries were introduced on the marked in the early 2000s,
electric power have come to be the superior solution for MAV propulsion. All work in this
thesis has focused on using electric propulsion with lithium batteries. An electric propulsion
system consists of 4 components. These are:





Energy storage (Battery)
Motor controller
Motor
Propeller

General modelling principles for each of these components will be described in the following
sections. These descriptions are a little more detailed, as they are preparing for the test results
of each component presented in chapter 6.
3.4.1 Battery
Battery technology has in recent years seen strong development. Energy content and power
output are constantly increasing. Lithium polymer batteries were introduced onto the market
around 2003 and have held their position as the chemistry with the highest energy density for
rechargeable batteries. Typical discharge characteristics for a lithium polymer battery are
shown in Figure 3-7.

Figure 3-7. Lithium Polymer battery discharge curves.
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The higher the current the lower the voltage. The voltage also drops relatively linearly as
capacity is drained. With some simplification this behaviour is modelled as a fixed voltage
source combined with an internal resistance, such as that shown in Figure 3-8.

Rb
Ib

+

Ub

Figure 3-8. Model of a lithium polymer battery.

The fixed voltage used in the model is the manufacturer’s rated nominal voltage. For
lithium polymer batteries this is 3.7V. In reality battery voltage goes from 4.2v fully charged
to around 3.5V discharged. This behaviour is not captured by the battery model, but the
nominal voltage is chosen to be a representative mean voltage. The voltage drop between the
different discharge currents in Figure 3-7 is expressed by the internal resistance. Internal
resistance is usually given by the average of the voltage drop caused during discharge. In
reality battery performance also depends on temperature, battery age, and dynamic effects, but
this is more difficult to model. More elaborate models exist that to some extent capture these
effects [47]. These are typically developed for the electric vehicle industry where the motor
power is constantly varied. A benefit of UAVs and MAVs in particular is that the load on the
batteries is more or less constant. The aircraft stays in cruise almost throughout its entire
mission. For such applications the simplified model above gives satisfactory results.
The evolution of battery technology is mainly driven by the automotive industry and the
portable electronics market. Significant improvements are expected in a near future as nano
materials find their use in batteries [14], or other battery chemistries such as Lithium-Sulphur.
From a modelling perspective, however, not much should change.
3.4.2 Motor
There are two types of electric motors that are available for MAVs: traditional DC permanent
magnet motors and DC brushless 3-phase motors, called BLDC motors. Both types work by
creating a moment between a set of permanent magnets and electromagnets. The
electromagnet is in the form of an iron coil wound with an electrical conductor, usually
copper wire. To create a rotating moment there have to be several coils (minimum 3) that are
activated in sequence as the rotation takes place. The switching between which coil is active
is what differs between DC motors and BLDC motors.
In a DC motor, the switching is created mechanically through a pair of brushes that makes
mechanical contact with a set of electrical contacts on the rotor (called the commutator). Each
contact in the commutator leads to a separate coil. As the motor rotates, the correct coil
needed to continue the rotation is automatically activated.
In a BLDC motor, there are no mechanical brushes. Instead, the permanent magnets rotate
and the armature remains static. This allows power to be led directly into the coils without
any form of mechanical switch. The switching of the active coil is instead created using an
electric controller. The electric controller tracks the position of the rotor and decides when to
switch the active coil. The advantage of not having brushes is that efficiency and power
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output are higher and that there is virtually no mechanical wear over time. Other advantages
of BLDC motors are that they run more smoothly with less audible noise and much less
electromagnetic interference. For these reasons, the BLDC motor is the motor of choice for
MAVs (and in fact any modern electrically powered vehicle).
From a modelling perspective, the DC motor and a BLDC motor are often treated the
same: whether the sequential switching between the coils is caused by the mechanical brushes
or by an electronic controller does not significantly affect the behaviour of the electric motor.
However, brushless motors are more difficult to characterize since their motor parameters are
dependent on the motor controller used to drive the motor.
A classic electric motor model, representative of either conventional or BLDC motors, is
described in Figure 3-9. The motor is characterized by three constants, Kv, I0 and Rm .

Figure 3-9. Model of electric motor.

In an ideal, lossless, electric motor the rpm (nm) is proportional to voltage and the torque is
proportional to current. In reality, due to internal losses in the motor, torque and rpm are
coupled and an increasing torque, naturally, decreases rpm. The internal losses are described
by the constants Rm (internal resistance) and I0 (no load current). The no load current is seen
as a constant current that flows through the motor regardless of the motor’s operating
condition, and without contributing to any mechanical output. The output rpm of the motor is
given by the resulting electromotive force, EMF, multiplied by the rpm proportionality
constant Kv. The equations for a motor’s rpm and power output are given below, as derived
from Figure 3-10.
n m  K vU emf  K v U m  R m I m 

(3-2)

P out  IU emf  I m  I 0 U m  R m I m 

(3-3)

The efficiency of the motor is Pout/Pin.

m 

Pout ( I m  I 0 )(U m  I m Rm )

Pin
UmIm

The general behaviour of these equations is demonstrated in Figure 3-10.

(3-4)
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Figure 3-10. Characteristic of an electric motor.

This is a generally adopted electric motor model that often is used in the design of any electric
powered equipment, and has also been used in the field of UAV design [75][45].
3.4.3 Motor Controller
To control the output power of an electric motor an electric controller needs to be placed
between the motor and the battery. In aeromodelling this device is referred to as the electronic
speed controller or ESC. In an ESC a network of field effect transistors (FETs) converts the
battery voltage into a high frequency pulse signal. By varying the pulse length, or duty cycle
length, in the pulse signal, the effective mean voltage to the motor is varied, thereby
controlling the power. These types of controllers are sometimes also called pulse with
modulation controllers (PWM). The principle of controlling the power through a PWM is the
same for DC motors and brushless motors, but a controller for a brushless motor also cycles
the PWM stream between the motor’s three phases. For this reason, controllers for BLDC
motors are more complex and heavier then controllers for DC motors. Figure 3-11 shows the
principle of a BLDC controller.

Figure 3-11. BLDC motor controller.

The losses in the controller are dependent on several factors. The most obvious are
resistive losses in electronics and FETs. These are generally stated by the manufacturer. A
more complex behaviour is that the losses are highly dependent on the duty cycle length, , in
the PWM signal. The duty cycle length is in layman’s terms the throttle of the electric motor.
Power is controlled by varying duty cycle length between 0-100% of the total period time, T.
At 100% duty cycle, the efficiency of the ESC is close to 100%, but when the duty cycle is
reduced, so is efficiency. Modelling this behaviour mathematically is very complex. Not
much detail is given by any motor controller manufacturer. At 100% duty cycle, the controller
could be modelled as an equivalent resistor, but as soon as the duty cycle is reduced, the value
of this equivalent resistor would have to be increased. In addition, the efficiency of the motor
is also dependent on the duty cycle length and parameters such as motor inductance and
impedance have an effect on total efficiency. Little effort has been made to model these
effects. In the area of aeromodelling, or electric powered UAVs, possibly the only attempt
was made by Lawrence and Mohseni [75]. They suggest that the main losses at part duty
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cycles result from the motor’s inductance failing to sufficiently filter the PWM stream to a
smooth continuous current, thus resulting in increased iron losses, or eddy current losses.
They derive a model that uses PWM cycle time (TPWM), duty cycle (), and motor inductance
(Lm) to estimate these losses, as given in equation (3-5).


L pwm  2 iV

2

i 1

Rm
R  (2iLm / TPWM ) 2

(3-5)

2
m

Where
V  Vs

i

sin(i )
i

(3-6)

Vs is the supply voltage which would normally be the output voltage of the battery. This
model has to some extent been used in the design automation framework described in chapter
4. However, as will be illustrated later in section 6.2, it is not very accurate.
The effect of duty cycle length on motor driver internal efficiency, as well as motor
efficiency, are very difficult to measure as it is hard to separate the losses in-between the two
components. The effect on total propulsive efficiency can however be measured. This is
described in more detail in section 6.2. The general effect of duty cycle length on total
efficiency is shown in Figure 3-12. The losses are rather significant and indicate that for high
propulsive efficiency the propulsion system should be designed to cruise at a high duty cycle.
This, however, can be a problem to combine with take-off and climb performance
requirements. There is room for innovations in this area. Ideally, the motor should always run
at 100% duty cycle and the power controlled by a propeller variable in both pitch and
diameter. If that could be solved mechanically that is.
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Figure 3-12. The effect of duty cycle length on total propulsive efficiency

Methods for modelling motor controllers are an area of MAV design where more work
needs to be done. Either better mathematical models need to be derived or empirical models
be created from practical testing.
3.4.4 Propeller
Propellers for MAVs are commonly found in the aeromodelling market. There are a great
many propellers available in sizes from 3 inches in diameter and upwards. Model hobby
propellers are characterized by diameter and pitch, where the pitch measurement is defined as
the distance the propeller would move forward with one revolution if it were a screw being

26

Aircraft Design Automation and Subscale Testing

rotated in a homogeneous material. This rough classification of propeller characteristics is
acceptable in the aeromodelling community as propellers are usually chosen by trial and error.
For an engineering approach to propeller selection and optimisation this is not enough and
real performance figures are needed. Propellers are normally classified by the two nonedimensional parameters power coefficient, Cp, and thrust coefficient, Ct, given as a function
of the advance ratio, J. These are defined as:
CT 

Cp 

J

T

(3-7)

n 2 D 4
P
n 3 D 5

(3-8)

v
nD

(3-9)

Figure 3-13 shows an example of how these coefficients may relate to advance ratio. If
Reynolds number variations, and aeroelastic effects such as blade twisting, are ignored, these
curves can be used to describe a propeller’s thrust for all rpm numbers and flight velocities.
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Figure 3-13. Typical thrust and power coefficient curves.

In the aeromodelling industry, manufacturers unfortunately do not normally provide these
figures.
One way to approximately determine the thrust and power coefficients of a propeller is to
use analytical methods. This requires the propeller’s geometry to be known. The most
common analytical method is the blade element theory. In blade element theory, the propeller
is divided into several segments along the propeller blade radius and for every segment the lift
and drag forces are determined. This is done using two-dimensional airfoil lift and drag data.
The forces are then summarized along the entire blade resulting in total thrust and drag of the
propeller. A variety of techniques exist for estimating the two-dimensional airfoil data, and
also for taking into account the induced velocity increase of the air being accelerated through
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the propeller. This is an area where blade element theory has improved in recent years [2]
[127]. Computer software exists to simplify the calculation process in blade element analysis.
Some popular and freely available tools are JavaProp by Hepperle [52] and Qprop/Qmil by
Drela [29].
The best way to determine a propeller’s Cp and Ct curves is from wind tunnel testing.
Recent work has highlighted the poor efficiency of typical aeromodelling propellers at low
Reynolds numbers [10][39].
3.4.5 Propulsion System Software
It should be mentioned that several commercial computer programs exist, targeted at the
hobbyist, that incorporate many of the models discussed in this chapter, MotoCalc [88],
ElectriCalc [33] or Drive Calculator [30] to mention just a few. They all use roughly the same
models for electric motor and battery. Most support propeller calculations using either
experimentally defined thrust/power coefficients for static thrust, or some generic model for
in flight thrust calculations, however no program (known to the author) has a proper model
for the motor controller.

3.5 Fabrication Methods
There are several methods for MAV production. Slightly generalized there are three common
building materials that can be used for MAV manufacturing. Each will be described shortly.
3.5.1 Wood
The classic way to build small RC aircraft is to use various types of wood and design the
airframe using ribs, formers and stringers. Balsa is a natural material that is almost unbeaten
in its ability to form lightweight aircraft structures. It is the main building material in wooden
designs, but it requires a high level of craftsmanship and the airframes are not particularly
durable. Balsa has been used in a number of MAV designs, a good example being the MIITE
series of MAVs developed by the U.S. Naval Research Laboratory [69].
3.5.2 Foam Plastic
A simpler building method then wood fabrication is hot wire foam cutting. With this
technique, the airframe is shaped from a block of low density plastic foam, using an
electrically heated metal wire that melts through the material. The cutting can be done either
manually, using heat resistant guide plates as support for the wire, or by computer controlled
machines that cut the material using two-dimensional CAD data as input. Hot wire foam
cutting requires less skill than wood fabrication and also results in much more durable
airframes. There are a variety of plastic foams that can be used for hot wire foam cutting, such
as EPS, XPS etc. One material that is particularly popular in the aeromodelling community is
Expanded Polypropylene, EPP. This material is often used industrially in protection
equipment where good energy absorbing qualities are needed, such as bicycle helmets,
children’s car seats, etc. EPP can be used to create extremely durable airframes.
Hot wire foam cutting is well suited for prototype studies as the lead time from finalizing
the design in CAD until manufacturing is low. Rapid prototyping of MAVs using hot wire
foam cutting has for instance been described by Dickman [24]. The disadvantage of hotwire
foam cutting is that the cutting technique is limited to creating only single curvature surfaces.
This restricts the geometrical shape that can be created and this therefore has to be taken into
account in the design phase.
From a mass production perspective EPP, and other plastic foams, could be used in
injection moulding processes. This allows very complex shapes to be created but the tooling
is very expensive and thus production quantity must be high in order to keep the cost low.
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Many aeromodelling companies use injection moulding to produce extremely low-cost,
durable radio-controlled toy aircraft. This technique might very well be the most optimal
technique for large-scale MAV production.
3.5.3 Composites
Fibre composites are a building material that is revolutionizing the aeronautic industry. They
are composite materials such as glass or carbon fibres that are impregnated with a matrix
material, for example epoxy. In large aircraft, composites are gradually replacing aluminium
as the primary building material. Composites are also excellent for MAV fabrication since
they allow durable, light-weight airframes to be constructed. Fabrication with fibre
composites requires a mould as a tool for the lamination process. For this reason, it is not
particularly practical for creating one or a few MAVs, but is very well suited if a number of
MAVs is to be built. The geometric limits of a composite MAV are only restricted by the
complexity of the mould fabrication. Composite fabrication is the method to choose if
minimal weight has the highest priority. However, from a production perspective, composite
manufacturing requires craftsman skills and the end results may differ from individual to
individual. One disadvantage of composite MAVs is that the rigid airframes have little energy
absorbing capabilities in the event of a crash. This provides less protection for internal
components and, more importantly, less protection against injuries to third parties, a very
important consideration as regards civilian use of MAVs. Some examples of successful
composite MAV designs can be found in references [65] and [59].

3.6 Optimization in MAV Design
As described initially, optimization is important in MAV design. There are several cases in
the literature where optimization or MDO has been applied to MAV design. The earliest
examples are reported by Morris [87] and Rais-Rohani and Hicks [108]. Morris used a genetic
algorithm on a model combined by analytical and empirical expressions, and described by 6
parameters. The optimization was set to minimize size subject to 6 mission constraints. RaisRohani and Hicks optimized a biplane MAV configuration using a vortex lattice aerodynamic
code coupled with an empirical propulsion system model and a gradient method for
optimization. In total they used 7 design variables and 8 constraints. Ng and Leng [96] also
uses vortex lattice methods in a study to optimize a MAV’s aerodynamic performance at a
single flight speed. They compared a sequential quadratic programming optimization with
genetic algorithms, and conclude the latter method is to be preferred for its ability to find the
global optimum more robustly. Jagdale et al[63] have used genetic algorithms in more
advanced modelling problems, where vortex lattice code and finite element analysis has been
included to optimize MAVs with bendable wings for easy transportation.
Genetic Algorithms have also been applies to MAV optimization using discrete variables.
The earliest example was reported by Grasmeyer et al. [12] when describing the design
methodology used for the Black Widow MAV. They used an analytical MAV model to
optimize performance while restricting the maximum dimensions. 7 design parameters were
used, of which 3 were of a discrete nature with a narrow range of alternatives. Mueller and
Torres [89] use a genetic algorithm and an aerodynamic analysis procedure that incorporates
both an analytical and an experimental technique to optimize MAV performance. By using a
database with experimental wind tunnel data of 4 different wing planforms, accurate
aerodynamic data could be interpolated for a wide range of wing shapes. The design problem
required the maximum dimension of the MAV to be minimized subject to lift, trim, and
longitudinal stability criteria. All components, such as propulsion system, electronics and
payload, were predefined and not allowed to be changed by the optimizer. 11 design
parameters were used, of which 2 were discrete.
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Interpolation techniques, or surface response methods can also be used to carry out design
optimization on more computationally heavy aerodynamic models. This has been
demonstrated by for instance Sloan et al [115] to optimize airfoil and wing planforms, or
Levin and Shyy [78] for optimizing flexible membrane airfoils.
Another extensive study on MAV design methodology has been presented by Cosyn and
Vierendeels [16]. They focused on accurate aerodynamic modelling including the nonlinear
vortex effects typically present at very low aspect ratios. They separated the optimization
problem into a sequential process and used a variety of analytical, numerical, and semiempirical methods.
Topology optimization is another form of optimization technique and that has been
demonstrated by Stanford [116] in tuning the aeroelasticity of a flexible wing MAV.
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4
Framework for
Automated MAV
Design

A

N IMPORTANT AIM of the work behind this thesis was to demonstrate automated design
of MAVs. A framework for design automation and MDO, interfacing several computer
programs, has been developed and is described in this chapter. The contents of this chapter
are similar to appended papers [I] and [II], but is more detailed. The framework is based on
much of the theory that is given in chapter 3, and its evolution can be studied in papers [VII],
[VIII] and [IX].
Compared to previous publications on design optimization of MAVs, as described in
paragraph 3.6, in this work MAV design optimization differs in the sense that the
optimization incorporates a true geometry model (CAD model), database selection of
components, true multi-disciplinary optimization and a combination of low and high fidelity
models. The intention has been to fulfil the design automation procedure illustrated in Figure
1-2. Key drivers have been to use commercial off-the-shelf components (COTS) as far as
possible and, in addition to the aerodynamic optimization, also take into account internal
component placement and longitudinal stability. The system includes geometry,
aerodynamics and performance modelling. The propulsion system is configured from a
database of COTS components. Automated manufacturing is also realized through the
adoption of a 3D printer that is fed with the geometric output of the optimization. The
components of the framework are illustrated in Figure 4-1.
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Figure 4-1. Design framework overview.

The framework is designed with a modular structure. A simple-to-use spreadsheet is
interfaced to a geometry model, an aerodynamic model and a database of low cost, off-theshelf propulsion system components. The geometry and aerodynamic models can both be
selected as either low fidelity or high fidelity type. By connecting an optimization routine to
the framework the design process is fully automated. The output result is a CAD model of the
final optimized geometry and a list of optimal propulsion system components. In order to
easily allow for changes in the framework, the inputs and outputs between each module are
clearly defined. The flow in the framework is illustrated in Figure 4-2.

Figure 4-2. Flow within the framework.
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The user first enters the mission constraints and the specifications for the payload, or
sensors, that the MAV needs to carry. These are summarized in Table 4-1. The framework
can then be used either manually as a design tool, by entering the geometry and propulsion
system by hand. If design automation is desired a multi-objective optimization is begun. This
is usually set up to evaluate the results based on two objectives. i.e. the geometrical objective
of minimizing size and the conflicting objective of maximizing endurance.
Table 4-1. User selected mission constraints.
Framework initial user input
Requirements and
constants

Air temperature
Air pressure
Design Cruse speed
Desired Top speed
Desired stall speed
Minimum endurance
Fabrication material/method
Size (length, width, height)
Weight

Payload/Sensor
specifications

4.1 User Interface
The base of the framework is a spreadsheet in MS Excel. The spreadsheet serves as the user
interface and is where all the different design parameters and variables are stored. The
selection of database components to form the propulsion system is made from a menu of drop
down lists with the respective component. Once all the input parameters/variables are entered,
geometry modules are called to compute the weight, centre of gravity and wetted area of the
airframe. Based on the result of the geometry, the model is then called to compute the lift and
drag characteristics. Lastly the propulsion system is simulated and the performance of the
MAV is summarized. The results are endurance, range, and climb presented as functions of
speed. Interesting parameters such as the efficiency of individual components, propeller rpm,
motor current etc can also be plotted. An example can be seen in Figure 4-3.
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Figure 4-3. Example of the performance calculations.
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The propulsion system calculations are based on the motor, motor driver and battery
models given in chapter 3. Figure 4-4 below shows a principal sketch of the propulsion
system components together as used in the performance calculations
Battery

Motor Driver

Motor
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Figure 4-4. Propulsion system model.

The calculation of the performance follows the following order.
1. Available thrust is calculated from v=0 to the velocity where thrust equals zero
(CT=0). For this calculation the motor driver duty cycle is 100% and thus there are no
motor driver losses, which simplifies the calculations.
2. Velocity interval for drag calculations is set. The lower velocity bound is set as the
velocity where the induced drag, based on span and wing area, equals static thrust.
The upper velocity bound is set as the velocity where thrust equals zero. The velocity
interval is then divided into 30 points.
3. The following is done for every point in the interval:
a) Drag is calculated
b) Propeller rotational speed to balance drag is calculated. This is done with
equation (3-7) together with the propeller’s CT curve as a function of advance
ratio J.
c) When propeller rpm has been solved, the required motor power is calculated
using equation (3-8). Equation (3-3) then gives the motor current Im, and Uemf
is solved with (3-2).
d) The required motor driver duty cycle,  in equation (3-6), is calculated. Since
the supply voltage, Ub, is dependent on current, Ib, which in turn is dependent
on duty cycle,  cannot be explicitly solved. A numerical solver is used.
e) Endurance, climb ratio etc are calculated.
4. Finally, endurance at cruise speed, maximum speed, endurance at maximum speed etc
are interpolated.
The Excel file is built up, using many custom written functions, so that no macros need to be
run to evaluate an MAV design. This is favourable for design optimization since it quickly
becomes complicated if macros have to be executed during an optimization run.
A neat feature of linking all modules to a simple-to-use spreadsheet is that the
computationally heavy parts can be separated to run on different computers. This was
experimented with in paper [I], where web service technology was used to distribute the CAD
and aerodynamic computations to run on a powerful workstation, while the Excel spreadsheet
could be run from any computer with an internet connection.

4.2 Geometry Model
The geometry of the MAV is defined as a flying wing with a regular thick airfoil (see Figure
3-2). The wing, shown in Figure 4-5, is defined by span, root and tip chord, dihedral, sweep
and twist. Two parameters also control the curvature and shape of the leading and trailing
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edges, allowing the wing to assume a “non-trapezoidal” shape. The wing airfoil at the wing
root and tip can be chosen from a catalogue and are controlled through two dedicated
parameters. The fuselage is blended with the wing and its size depends on the wing root’s
length and thickness. It is also possible to specify the length of the portion of the fuselage
ahead of the wing. The fins are placed at the wing tips and their size is scaled by a predefined
tail volume coefficient. Other parameters that can be set are sweep and taper ratio, plus a
coefficient that controls the ratio of fin surface distributed above and below the tip-chord line.
The fin position at the wing tips was motivated by simplicity of installation and by the
purpose of not only serving for directional stability but also to contribute to the overall lift
working as winglets, as explained in paragraph 3.2.2. The geometric model also includes
three different payload boxes and all internal components. The model also assumes a frontmounted propeller for ease of hand launch take-off.

Figure 4-5. MAV wing geometry.

The parameters describing the MAV are summarized in Table 4-2.
Table 4-2. Parameters defining the MAV geometry. The parameters marked in bold are typically
used as variables during design optimization, while the others are constants selected by the user.
MAV parameters/variables
Wing airfoil (discrete)
Wing span
Wing root chord
Wing tip chord
Wing sweep
Wing le curvature
Wing te curvature
Wing twist
Wing dihedral angle
Tail volume
Tail sweep
Tail taper ratio
Tail ratio upper/lower
Nose length
Propulsion system
Motor
(discrete)
Propeller
Battery
Motor driver
Payload placement
Position (X and Y)
Geometry
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The modelling of the MAV’s geometry is set up so that it can be selected to be of either
high or low fidelity depending on desired calculation speed. For the low fidelity (LF)
representation, the model accounts only for the basic planform (top and side views).
Simplified weight estimation formulas are used for weight, wetted area and centre of gravity
estimations. The structural components are basically divided into parts that scale by volume
and parts that scale by area. Each part is then assigned a volumetric density or weight per unit
area. In the LF model, some of the geometric variables are not taken into account, such as the
wing twist and the curvature of the leading and trailing edge. The wing curvature is instead
approximated as a two-panel trapezoidal wing. The low fidelity model is implemented
directly in the Excel spreadsheet.
The high fidelity (HF) model is a parametric CAD model created in CATIA V5 r18. Being
three-dimensional and more detailed, the HF model also allows the internal structure and the
internal systems to be modelled and accurately positioned. From the HF model it is possible
to retrieve very precise measurements of the MAVs weight and centre of gravity. All internal
components, including payload, are implemented in the CAD model as square boxes of
corresponding size. To allow for components to be added or subtracted, the CAD model is
equipped with a great many boxes which can be activated or deactivated as needed. From the
CAD model a geometry mesh is also created that is used for the aerodynamic calculations.
The major challenge when creating the parametric CAD model was to ensure it would
have the flexibility and robustness to cover a wide design space. Large variations in shape
must be accepted, such as changes in aspect ratio, sweep, airfoil, fuselage size, etc without
leading to mathematical inconsistencies that are prone to occur in surface modelling. Much
time was spent, using trial and error, on working out the bugs in the CAD model and ensuring
a large feasible design range. Figure 4-6 shows an example of the CAD model.

Figure 4-6. The parametric MAV CAD model that constitutes the high fidelity geometry description.

The HF model enables balancing and component positioning to be performed using a
specifically developed tool. For each of the components that have to be installed inside the
aircraft, the tool checks if there is space enough within the MAV and – if so – between which
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extreme positions in the longitudinal direction the component can be moved for balancing
purposes. To do so in a simple, fast and reliable way, only the most outboard side of each
component is considered. It is therefore assumed that the surface of the aircraft is continuous
and monotone in the span-wise direction. For the considered model this is a fair assumption.
The MAV’s outer surface is intersected by a plane lying on the outboard face of the
component and the available height distribution is then approximated with a polynomial
curve. This is equal to tracing how the total thickness of the aircraft changes with the
longitudinal position at a given span-wise location. This curve can then be used to check
whether the component fits or not and how far it can be moved in the longitudinal direction
(Figure 4-7). During optimization an internal balancing loop is executed for each function
evaluation, which automatically seeks to balance the aircraft within a predefined static
stability margin. To place the components as compactly as possible, this loop is also set to
minimize the MAVs rotational inertia around the y-axis.

Figure 4-7. The balancing and positioning tool.

When it comes to weight and structural dimensioning, MAVs have an advantage
compared to larger aircraft in that the dimensioning criteria come from handling loads and not
aerodynamic loads. This simplifies the dimensioning process and the structural dimensioning
is thereby achieved through rule based design, where the design rules are derived from
practical experience. These rules have been done differently depending on what material it
was intended to be made from: in paper [I] composites were used, in paper [II] ABS plastic
and in initial paper [VII] EPP foam was used.

4.3 Aerodynamic Model
The aerodynamic analysis is also separated into a low and a high model. In the LF analysis
the induced drag is calculated using traditional lifting-line theory while the in the HF model a
panel code, PANAIR is adopted. The panel code provides basic aerodynamic coefficients for
a given mission section. The parameters that are required for an analysis to be carried out are
angle of attack, air speed and air density. It also requires a detailed geometry mesh that is
generated in the HF geometry model. The HF geometry model must thus be active in order to
use the HF aerodynamic model. The outputs are lift coefficients cL and cLα, induced drag
coefficient cdi and pitching moment coefficients cm and cmα. PANAIR also returns the pressure
values and speed vectors in each node of the mesh that is input.
For both the LF and HF models, the parasitic drag has been calculated using Prandtl and
VonKarman low Reynolds number flat plate skin friction equations [55] corrected with a
form factor for the pressure drag.
It should be pointed out that using panel code as described was a way to demonstrate the
capability to automate the design process of MAVs, even though the panel code itself may not
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be the optimum choice for modelling MAV aerodynamics. Its main drawback is that it does
not accurately capture effects of low Reynolds number flows or nonlinear lift and drag effects
typical of low aspect ratio wings at high angle of attack (as discussed in section 3.1). The
omission of nonlinear lift and drag effects has been considered acceptable since these become
significant for aspect ratios of 1 and downwards [122]. Although MAV wings with AR<1
have been studied for research purposes, in reality it does not make sense, due to size
constraints, to build MAVs with aspect ratios below approx. 1.5. Another interesting note is
that the nonlinear effects on lift and drag, predominately found in wind tunnel studies on flat
plates, have been shown to be reduced with increasing wing thickness ratio. Experimental
studies by Hsiao et al. [57] have shown that for an AR=1 wing with symmetrical airfoil the
lift curve reduces to almost linear at thickness ratios of 10-12%. To better account for low
Reynolds number effects panel codes can be combined with other analysis methods, as
described in section 3.3.2. Similar techniques may be a suitable extension to the PANAIR
code used in this work.
Another simplification in the aerodynamic modelling is that the effect of the propeller’s
slipstream/prop-wash on the aircraft’s aerodynamics is ignored. Together with the panel code
imperfections these simplifications were considered acceptable since the primary focus of this
work was on developing the methodology and design automation. However, to still provide
an adequate result a crude but effective correction was added. The computed parasite drag is
multiplied by a fudge factor. Early on in the framework development, the factor’s value was
tuned by matching framework performance calculations with flight test results of several
MAVs. This factor has varied a little at different stages in the development, but to give a
number it has been found to be approximately 1.7. Although this factor is only multiplied by
the parasite drag, it actually accounts for all imprecisions in the models included in the
framework. As will be shown later in chapter 6 there are several discrepancies in the
propulsion system modelling.

4.4 Propulsion System Components Database
The database is in the form of a separate Excel file. It contains specifications of literally
hundreds of COTS components from the aeromodelling industry. There are four different
types of components: propellers, motors, motor controllers and batteries. For each component
in the database, all the properties needed for the modelling are entered, including geometric
specifications and retail price. The information in the database has been collected either
directly from manufacturers or from online databases such as Peak Efficiency [101] or
Motocalc [88]. The entire database is not always used during optimizations. To speed up
convergence times, the user can select a limited range of components that the optimizer is
allowed to use. It should be pointed out that there is no database for gearboxes. In theory, the
database could also contain gearboxes but there are no universal gearboxes that fit all motors.
For this reason, the gearbox has been left out in the modelling. For motors where a gearbox
exists and may be interesting to use, multiple entries in the motor database can be made. One
for each motor/gearbox alternative and for which the motor’s Kv and I0 constants are modified
to suit the gearbox.
To fill the database with propeller data a large number of propellers were bought, from
diameters of 4 inches and up to 10 inches. Their geometries were then scanned by processing
top and side view photos in the software PropellerScanner [53]. Analysis of propeller Ct and
Cp coefficients were then conducted using the BEMT software JavaProp [52].
The database also contains coordinates for a number of airfoils suitable for flying wings.
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4.5 Process Integration Tool
Integrating the different software modules to create a stable running optimization process is
difficult. During the course of development varying methods have been tested. Initially all
modules were linked to the Excel file and custom scripts were written for the transfer of data.
In the latest version, however, the process has been integrated in the commercial tool
modeFRONTIER v.4.1.0 [86] was used. According to Esteco Srl, who developed the
software, “modeFRONTIER is a multidisciplinary and multi-objective optimization and
design environment, written to allow easy coupling to almost any computer aided engineering
(CAE) tool, whether commercial or in-house”[86]. The software allows the MDO workflow
to be built graphically and significantly simplifies linking all the modules, especially
compared to in-house scripting based links. modeFRONTIER also allows a record to be kept
of all steps during the optimization process, which is a great help in increasing the
understanding of the mechanisms taking place and debugging the system of errors that may
occur when tuning the optimization.

4.6 Multi-Disciplinary Optimization
When optimizing an entire MAV there are several disciplines involved, many variables, and a
mix of both discrete (database components) and continuous variables. There is also a large
degree of coupling between the different variables. These issues complicate the optimization
process and limit the available optimization methods. As discussed in section 3.6, possibly the
most robust optimization algorithm for multi-disciplinary optimizations is the genetic
algorithm. A genetic algorithm (GA) can be either single-objective or multi-objective. Both
types have been implemented and tested in the framework. The single-objective GA was
initially used in papers [VII] and [I]. An example is given in section 5.3. The multi-objective
genetic algorithm MOGA-II [107], integrated with modeFRONTIER, however, has been the
final optimization solution.
4.6.1 General considerations
The consequence of optimizing on real components rather than physical models is that
initially during the optimization a very large number of the generated individuals result in
unfeasible designs due to violations of constraints related to the propulsion system. Motors,
batteries and motor drivers are combined by the GA in ways that violate each component’s
operational specifications. Experience shows that initially 95-98% of the population are
infeasible solutions. This results in a very inefficient optimization where many function
evaluations are necessary for the algorithm to orient itself among the large number of possible
combinations. This motivated the choice to separate the geometry and aerodynamic modelling
into low respectively high fidelity. With the HF models active, each function evaluation takes
between 70 and 90 seconds on a modern desktop workstation. This is not compatible with the
number of function evaluations needed for the GA to reach convergence in a reasonable time.
With the low fidelity models the function evaluations take only 2.5 seconds. The optimization
is therefore divided into a two-stage process. In the first stage, the framework optimizes a
family of MAVs using only the LF models. In this stage, the optimizer is given a very large
freedom in variable ranges. From the low processing time the optimizer can relatively quickly
screen out suitable geometric sizes and determine optimal propulsion system combinations.
Once the optimization has converged towards a population of feasible solutions using the
LF models, the optimization is restarted but with the HF models activated. In this second
stage the range limits for each variable are more restricted. Based on the results from the first
stage, the discrete propulsion system selections are also grouped in to complete systems
indexed by a single variable, thus limiting the possibility to create invalid designs. At the
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same time additional geometry variables required for the HF geometry model are brought into
the optimization. This procedure is illustrated in Figure 4-8.

Figure 4-8. Two-stage optimization procedure.

The two-stage procedure was very successful and is a vital key to managing the complex
optimization problem of MAV design automation.
4.6.2 Multi-objective optimization process
As described earlier, in a multi-objective optimization the result is not a single optimal design,
but rather a curve, or surface, where all not dominated designs are located. This so-called
Pareto front describes how the optimal design varies depending on how the objectives are
prioritized. In this work, primarily dual objectives have been used. These have been to
maximize endurance, while at the same time minimizing either the weight or physical size of
the vehicle. As an example, in paper [II] the optimization problem was formulated as
according to equation (3-1):
W 
max  REF  and
 W 
s.t . : g i  g i , REF

 E
max 
 E REF





(4-1)

Minimizing the weight is formulated as maximizing the inverse of the weight, due to the
optimization software only allowing maximization to be carried out. The optimization then
follows the process shown in Figure 4-9. A design of experiments is made to generate an
initial population. Each individual is then evaluated for its fitness. First the geometry model is
updated to include the propulsion system components selected from the database. As
explained earlier, both geometry and aerodynamics can be evaluated with low or high fidelity
models, depending on the current optimization step. If the model is of higher fidelity, the
system verifies that all components fit inside the aircraft and that a proper CG position can be
achieved. If not, the design is discarded due to constraint violation. If the geometry model
involved is of lower fidelity, it does not provide enough information to perform balancing and
positioning. The aerodynamic model is therefore called directly. The system does not mix the
models’ fidelity levels; if the low fidelity geometry model is used, the low fidelity
aerodynamic model will thus follow. Finally, performance such as endurance at design cruise
speed, maximum speed, stall speed etc is calculated. In this process it is also verified that all
propulsion system components operate within their operational specifications. From the
performance values the algorithm decides the overall fitness of the design and if it should be
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used to generate offspring for newer designs. This continues until an optimization
convergence criterion is met.
Initial
Design

Generate New
Design

Components
DB

Evaluate Geometry

NO

High Fidelity?
YES
Balance & Position
Components

Is CG
OK?

NO

Penalize Solution

YES
Evaluate
Aerodynamic
Evaluate
Flight Performance
Computation

Convergence?

NO

YES
END

Figure 4-9. MDO process within the framework

The initial stage is executed for a predefined number of cycles, after which the distribution
of solutions along the Pareto front is evaluated. If the front is evenly distributed, the next step
can begin. The results from the first step typically looks something like Figure 4-10. Each
design point in the figure is coloured depending on the instant in time when that particular
design was created. The Pareto front is the upper left highlighted points.
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Figure 4-10. Typical result of initial optimization step. The legend indicate at what instant in time
each design is created. Pareto optimal designs are highlighted

During the second optimization stage, where high fidelity models are used, the design
parameters that could not be evaluated using the low fidelity models can be included, such as
the wing twist or the airfoil. In order to minimize the inefficiency caused by the discrete
propulsion system selections, all the unique propulsion systems along the Pareto front from
the first stage are individuated and saved in a shortlist indexed by a single parameter. In the
second stage, the algorithm is then only allowed to vary the propulsion system along this short
list, thus narrowing the number of discrete combinations from thousands to dozens. For
instance, in the design example in paper [VIII], there were only 13 unique propulsion systems
along the Pareto front. The second stage is also executed for a predefined number of
iterations. This has in general worked best. Typically, the optimizer has set out to perform
approximately 1,000 iterations. At this point the optimizer can still make some improvements,
but the improvement rate is very low and considering the model’s accuracy it is not justifiable
to continue. An example is shown in Figure 4-11 where for a given sensor payload, endurance
is expressed as a function of weight. Each dot in the figure represents a complete CAD
design, optimal propulsion system combination, while meeting mission-related performance
requirements such as cruise speed, payload capacity, stall speed, etc.

Framework for Automated MAV Design

43

Figure 4-11. Pareto front resulting from second step in MAV optimization.

4.6.3 Dynamic Constraints
The optimization problem is rather complex and in initial attempts to multi objective
optimization it was observed that the MOGA-II algorithm struggles to search the whole
design space efficiently. The algorithm had a tendency to collapse its search in the lower left
corner of the Endurance vs. Weight diagram, the region where lighter and less enduring
MAVs are located. This is a common problem in multi-objective optimization. Getting the
optimizer to spread the result evenly over the entire design space can be challenging. In this
case, it is believed to come from the fact that it is easier for the algorithm to reduce the weight
of the MAV than to increase the endurance without violating constraints. Various attempts
were made to improve the algorithm’s ability to search the upper end of the allowed space and
the method that worked best was the use of a dynamically changing constraint on minimal
flight endurance, according to the following relationship:
Actual
Absolute
E MIN
 E MAX


Absolute
Absolute
E MAX
 E MIN
 ID  IDREF 
IDMAX  IDREF

(4-2)

where:
Actual
- E MIN
is the minimum allowed endurance value at a given time during the
optimization
Absolute
is the maximum value considered for the minimum allowed endurance
- E MAX
Absolute
- E MIN
is the minimum value considered for the minimum allowed endurance
-

IDMAX is the final iteration number planned for the optimization
IDREF is the reference iteration number from which to begin relaxing the
endurance constraint
ID is the iteration number at a given time during the optimization
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Absolute
The constraint formulation (3.2) keeps the endurance at a maximum value ( E MAX
) at the
beginning, forcing the optimization algorithm to concentrate on solutions in the upper-right
region. Then, from a predefined point in the optimization ( IDREF ) the constraint begins to
relax and the algorithm begins to move towards the lower-left region. The real constraint is
Absolute
, so that the solutions that are
that the endurance value should not be less than E MIN
discarded at the beginning are in fact feasible. This modification resulted in much better
search performance in the tougher upper-right region of the plot, presenting a higher solution
density in that area, which was previously very sparsely populated.

4.7 Rapid Prototyping
An automated design process is not complete unless manufacturing aspects are considered.
All the methods discussed in previous chapters could be used with design automation, but
their suitability varies. The CAD model could be used to generate data for a computerized
foam cutter, although the manufacturing would still require a large amount of manual work.
Using CNC milling machines, CAD data could also be used to directly manufacture moulds
for fibre composites. This technique has been used at Linköping University in several
subscale flight testing projects, such as the Raven and GFF concepts presented in attached
papers [V] and [VI]. Parametric design of MAV composite moulds has also been
demonstrated by Claxton [15]. Even if moulds could be automatically created from a CAD
model much manual work is nonetheless needed to produce the final MAV. A more
innovative technique for MAV manufacture was demonstrated in papers [II] and [VIII], where
a 3D printer was used to directly fabricate an MAV design created using the design
framework. The results were encouraging and even though the method cannot compete with
composites in terms of weight and strength, it is well suited to prototype studies. With future
evolution of 3D printers, weight could be reduced and strength increased to a point where 3D
printing could be a real alternative for small-scale MAV production. Figure 4-12 is an
example of a MAV that were automatically designed/manufactured using the described
framework and 3D printer.

Figure 4-12. MAV fabricated using 3D printer.

In this example only a rib and spar structure is printed and hence the wing needs to be covered
with plastic film after the internal components are installed.

5
MAV Case Studies

THIS CHAPTER DESCRIBES how design optimization and design automation have been
applied to a few different MAV design scenarios. It summarizes the results from several
papers published during the development of the design automation framework.

5.1 Optimization of “Black Square”
In paper [VII] the first possibilities of automated UAV design using a mixture of discrete and
continuous variables were demonstrated. This was the birth of the design automation
framework and initially only low fidelity modelling was used and all the calculations were
carried out in MS Excel. The optimization was done as a single-objective optimization and
the objective was to improve upon a design that was made by students. The purpose was to
investigate the possibility to optimize the propulsion system based on database selections, in
combination with airframe optimization.
5.1.1 Propulsion System Optimization
Designing an optimal propulsion system from a database of components is not a trivial task.
Here are some examples of why a systematic method is needed.


Batteries exist in many varieties. The most interesting type for MAVs are lithium
polymer batteries for their high energy density, but even among lithium polymer
batteries, energy density varies significantly depending on power density. Higher
power density usually means lower energy density. What is best for an MAV?
Maximum energy density is needed for good endurance, but power density may
then not be sufficient for take-off or high speed flight.



Is it better to have a battery pack of high voltage or a pack of greater capacity?
Since resistive losses in an electrical system are proportional to I2 it seems
intuitively that it is better to have more batteries in serial giving a higher pack
voltage and hence lower current and lower losses at the same power output.
However each cell is built with a protective casing, and from an energy point of
view this is dead weight. Thus a battery pack with many cells has a lower energy
density then a pack of the same energy content with fewer large-capacity cells.
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Modern brushless electric motors are very efficient but their maximum efficiency is
never at their rated maximum power. If high endurance is required, is it better to
choose a light motor working above its peak efficiency, but allowing for a larger
battery, or should it be vice versa?



Motor controllers are also an example where efficiency is a trade-off for weight.
Bigger controllers have less resistance and hence higher efficiency. Another
consideration is that bigger controllers sometimes also have a lower PWM
frequency, which may be less efficient at part throttle setting.



Propellers are theoretically more efficient the bigger they are, but bigger propellers
require more torque, which in turn requires bigger and heavier motors. Also, big
propellers with low pitch are good for static thrust, but deliver less speed for
forward flight. What is the best compromise of motor and propeller for sufficient
static thrust for a safe hand-launch start and at the same time function efficiently at
a high cruise speed?

These are all considerations that make it difficult to optimize the propulsion system. When
there is a large market of components to choose from it seems to be a good idea to put all the
components in a database and let an optimizer routine choose the best combination.
5.1.2 Platform
The object to study was an existing design made by students as a part of an aeronautical
design course at Linköping University. It was named the “Black square” (Figure 5-1). The
design had not in any way been optimized and not many calculations had been made on it.
The selection of propulsion system components had been made with a “common sense”
approach and guided by data of static measurements found on the internet. The idea was to
use the black square as a baseline design to see how much a systematic method would
improve the results from the “common sense” design method.
To verify the results from the modelling the MAV was entered in the program. Results
from this are shown in Table 3. No efforts were made to exactly compare the differences
between calculated and real performance but for instance, endurance at maximum power had
been observed at 16-18 min while calculations said 19. Static thrust was measured to 275 g
while calculations gave 300 g.

Figure 5-1. "Black Square" MAV

The specifications and calculated performance are shown in Table 5-1.
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Table 5-1. Black Square specifications and modelled performance.
Black Square specifications
Motor

Astroflight 010

Propeller

Graupner 6x3 folding

Motor controller

Astroflight 10

Battery

Etec 1200 2s1p

S

0.12 m

AR

1.33

2

Endurance at cruise

22 min

Max speed

75 km/h

T/W ratio

0.95

5.1.3 Optimization
The optimization was set up as a single-objective optimization. An objective function was
written that scored the total value of a MAV design. To account for sub-criteria several
penalty functions were used. These are criteria such as stall speed, thrust to weight ratio, span,
weight etc. If several objectives were of interest a weighted sum was used. The objective
function followed the form given in equation (4-1)
 objective 1
objective 2 
  criteria1  criteria2
Of   A
B
target
val
ue
target
value 


(5-1)

where A and B are weight factors and A+B=1. Each objective is normalized with a target
value so that each objective is given similar influence on the total score. The penalty functions
for the sub-criteria were written so that they remained equal to 1 as long as the criterion is
fulfilled but as soon as it is violated the functions quickly reduces towards zero.
A genetic algorithm was used for optimization and several different optimization studies
were conducted. For each successive optimization more and more parameters were included
in the optimization. For each optimization step the main constraints were that the MAV’s
take-off weight should not exceed the baseline configuration, and neither stall speed nor
cruise speed should be compromised.
5.1.4 Results
The following optimization steps were made.
Step 1 - Propeller: At first only the propeller is optimized. The optimizer choses a higher
pitch propeller for better cruise efficiency, but at the same time sacrifices static
thrust.
Step 2 - Propeller and motor: When the motor is included in the optimization the
endurance is only slightly improved. A smaller motor is selected that turns a
slightly larger propeller at lower rpm.
Step 3 - Propeller, motor and battery: When the battery is included in the optimization
the optimal motor from step 2 is replaced with a smaller, slightly less efficient
motor, but with a higher capacity battery. Interestingly, the optimizer did not
increase battery voltage to minimize I2 losses, but found that the higher energy
density of fewer cells was preferred.
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Step 4 - Propeller, motor, battery and ESC: In this step, effectively all discrete
parameters are included in the optimization. The optimizer chose to replace the
ESC with a smaller one and trade the saved weight for larger batteries.
Step 5 - All discrete + geometry: To verify how much the geometry actually influences
the result, in step 5 all the geometric variables were included in the optimization.
However, in order not to alter the design significantly the span was limited to not
increase over the baseline design. The resulting geometry are given in Figure 5-3.
What happens during the optimization is that the database selection eventually
settles for a combination of components that the optimizer find to be optimal and
from there the geometry slowly creeps to the optimal size for that particular
propulsion system. It does not always lock on the global optimal propulsion
system, but it generally finds a close to optimal combination of components. The
total increase in efficiency compared to step 4 was relatively low.
Step 6 - All discrete + T/W ratio constraint: In the above steps, the thrust to weight
ratio had been significantly decresed due to the fact that optimization only was
carried out for the cruise speed. This favours high pitched propellers that do not
perform well in static thrust. The MAV in step 5 has a T/W ratio of only 0.27. It
might be possible to fly an MAV at such a low T/W ratio but taking off will be
very difficult. For MAVs, easy hand-start capability is preferred. To see how
much a higher T/W ratio would impact endurance, an optimization run was made
with a T/W requirement of 1.2. This can be considered to be the minimum T/W
ratio required to have vertical take-off capability. The geometry was kept the
same as in the baseline design. The results now look a little different. A much
more powerful motor was chosen, battery voltage went up from having 3 lithium
cells in series, and a propeller compromised to work both statically and
dynamically was selected.

The resulting improvements in endurance for each of the steps are summarized in Figure 5-2
70
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Figure 5-2. Endurance increase depending on optimization variables.
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What is interesting is that from the baseline design to the optimized MAV in step 5, the
total propulsive efficiency during cruise rose from 42.6% to 65.1%. Motor, motor controller
and propeller weight have been reduced from 59 g to 33 g and the weight saved has been
traded for battery capacity.

Figure 5-3. Resulting geometry from step 5.

The results show that the optimization of the propulsion system has a very high impact on the
final result. The geometry, which to the eye may appear to be important, has much less effect
on the total result. A simple rectangular wing or a more aerodynamically correct planform as
in Figure 5-3 is comparatively insignificant. This applies as long as there are no major
aerodynamic errors caused by for instance a badly chosen airfoil designed for higher
Reynolds numbers. The results also demonstrated the importance of optimizing not only for
the cruise speed but also to include sub-criteria for static thrust or take-off performance.

5.2 PingWing MAV
In 2007 a team from Linköping University participated in the US-European MAV
competition held in Toulouse, France. A new MAV was developed for the competition and
design optimization was used to maximize its performance. The MAV, named PingWing,
performed well in the competitions and tied for 1st place. It was also awarded the special prize
for most outstanding design. In this section its design and fabrication are explained.
5.2.1 Requirements
Before the design of the MAV could begin, performance criteria needed to be specified. On
the basis of discussions within the UAStech group and the specifications of the MAV07
competition, the following criteria were decided:








Cruise Speed – 70 km/h
Endurance – 30 min (minimum)
Thrust to weight ratio of 0.7 for easy hand launches
Payload – 50 g video system including gimbal and video link
Flight computer – Micropilot Mp2028g
Data link – Aerocomm AC4868 Transceiver
Landing speed – 30 km/h

The competition included flying autonomously to identify a number of different objects on
the ground. The payload to design the vehicle around thus consisted of a video camera and a
video link. The image quality was of the highest importance and consequently it had to be the
top priority in the design. This meant that the MAV had to be designed to be minimally
impacted by wind, but also that the optimal camera configuration was chosen. A unique
gimbal design, made by the author, combined with a VTQ-56 camera was selected (Figure
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5-4). This allowed the camera to either be stabilized in pitch and roll or locked pointing
forwards, allowing the MAV to be manually flown from a first person view

(a)

(b)

Figure 5-4. Gimbal-mounted camera. (a) Close-up of camera. (b) In-flight camera view showing
stabilized horizon while aircraft is banking.

For autopilot the MicroPilot mp2028 was selected. It had been used in the past for the
LinkMAV micro-helicopter, described in paper [XV], and experience already existed within
the research group. For data communication an Aerocomm AC4868 radio modem was
chosen.
5.2.2 Configuration Choices
Apart from the list of requirements, a number of configuration choices had to be made before
the optimization could be carried out. A very important factor when deciding the construction
method was crashworthiness. The electronics, in particular the flight computer, are by far the
most expensive components and had to be given maximum protection in case of a crash.
Additionally, the design had to be simple to manufacture and allow simple modifications to
be made at a later stage. EPP foam cut using a computer-controlled hot wire foam cutter as
described in section 3.5, was therefore selected as building method.
Regarding wing and airfoil type it was chosen to design the MAV using a thick airfoil
such as in Figure 3-2 for ease of manufacturing, robustness and the possibility to spread the
electric components in the wing, thus minimizing the possibility of electrical interference.
This can be a general problem when combining all the electrical systems into a tight package,
as is the case with thin curved plate wings. Experience gained from the LinkMAV project
[XV] had already shown that there might be a problem with the selected autopilot. The airfoil
ultimately chosen was a MH62 by Hepperle [51].
Another decision made prior to optimization was where to place the motor and propeller.
A rear mounted propeller would require the payload to be placed in the nose for correct centre
of gravity. This would provide a superior view for the camera, but the camera would be would
be exposed during landings or in a potential crash. Considering ease of hand launch as well as
protection of the camera it was decided to use nose mounted motor.
Regarding the vertical stabilizer it was decided to use two fins placed in the wing tips for
the dual purpose of working both as fins and winglets, as discussed in section 3.2.2
5.2.3 Optimized configuration
With the configuration choices made, the design program was adapted with weight estimation
equations for the construction material chosen. The design automation framework was at this
time at an early stage in its development and the final optimization was therefore done using
only the low fidelity models implemented directly in Excel. In order to account for some of
the uncertainties in the modelling, a correction factor was introduced in the performance
calculation that tuned modelling results against known MAV designs. As discussed in section
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4.3, this has remained part of the framework. While this is a somewhat crude method, it
effectively helped in optimizing the final iteration.
Since the wing planform, apart from aspect ratio and wing area, is not particularly
important for performance (as found in paper [VII]), the planform was given strict limits
during the optimization, in order to ensure that the geometry would be simple to cut using the
foam cutter. The wing was divided into two panels where the centre panel had to be
rectangular, while the outboard panel had to have a trailing edge in line with the centre panel
trailing edge. Apart from this, aspect ratio, wing area, and leading edge sweep of outer panel
were allowed to vary.
Using a single objective optimization around the design criteria the final version of the
PingWing turned out as in Figure 5-5. It specifications are summarized in Table 5-2.

Figure 5-5. Final iteration - PingWing.

Table 5-2. PingWing specifications.
Properties
Endurance
Cruise speed
Max speed
Landing speed
Span
Take-off weight

30 min
18 m/s
25 m/s
~9 m/s
410 mm
430 g

Equipment
Motor
Propeller
Motor controller
Motor battery
Camera
Video link
Data link

M-fly 180-08-15
APC 6x5.5
YGE8
FlightPower 3s 1350 mAh
VideotronikVTQ-56
Black Widow AV video transmitter 200mW
Aerocomm AC4868 Transceiver

Flight computer

Micropilot MP2028g

5.2.4 Flight Control System
The off the shelf autopilot mp2028g allows the PingWing MAV to fly fully autonomously.
The autopilot controls the MAV using a set of PID control loops, as illustrated in Figure 5-6.
First, there are inner loops that stabilize the aircraft in pitch and roll. Outer loops are then
added for the navigation. Depending on what part of a mission the aircraft is flying, different
PID loops are activated.
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Figure 5-6. PID control loops used in autonomous flight. The darkened boxes are active during
horizontal flight.

Each control loop was tuned manually. The work was both tedious and time-consuming. A
more systematic approach, such as in-flight parameter identification, is desirable, but was
unfeasible due to the mp2028g data log rate (5hz) not being sufficient to accurately capture
the MAV’s dynamics.
The control scheme in Figure 5-6 is standard in the mp20208g, and allows navigation
between pre-programmed waypoints guided by GPS. For MAVs, however, this technique is
far from ideal as it results in an imprecise flight path. A proper trajectory-following
navigation technique is preferred, but requires better position accuracy than GPS provides.

5.3 Cooperating MAVs
Due to their small size MAVs are very limited in payload capacity and endurance. For this
reason it becomes interesting if several MAVs can work together. The research in this area
talks about swarming MAVs where different MAVs carry different sensors but cooperate to
solve a common task. Imagine, for instance, a scenario requiring a high quality live video,
thermal imaging, and high resolution photos for object identification or geo-localization. All
these sensors exist in sizes small enough to be carried on an MAV, but one MAV does not
necessarily have the payload capacity to carry all at once. Using multiple MAVs, each
carrying one of these sensors, is an attractive solution. However due to the different weights
and sizes of these sensors it may be difficult to design one universal MAV that can be adapted
for each sensor. This was used as a design optimization scenario in paper [I] appended to this
thesis. In this paper the framework included high fidelity geometry and aerodynamic analysis,
but the optimization was still single-objective and internal component placement was not
considered by the optimizer. The result illustrated the potential benefit of design automation
of MAVs. For different scenarios, the focus is shifted to what sensors are needed to best solve
the task, rather than compromise on what sensors can be adapted to an existing platform.
The objective was set to design three different MAVs, each tailored for different
performance and payload requirements. These requirements are summarized in Table 5-3.
Design 1 is specified as a high speed MAV with capability for surveillance of moving objects,
such as cars, carrying a video camera. It is therefore required to have a relatively high cruise
speed. Design 2 is specified for surveillance of a large area over a longer period of time,
searching for heat-emitting objects using a thermal camera. Design 3 is required to carry a
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high resolution still picture digital camera. This is intended to be used in collaboration with
other MAVs, identifying targets the may have found.
Table 5-3. Requirements for the 3 different MAV designs.

The optimization was set up as a single-objective function similar to the initial studies
summarized in 5.1. The objective function was set to minimize the weight while having
criteria, in the form of penalty functions, for endurance, stall speed etc. This would ensure the
smallest possible MAV that fulfils the requirements.
In this paper high fidelity modelling was included in the optimization for the first time. It
quickly became evident that the optimization would be too complex if all the discrete
variables were included in the optimization together with the high fidelity models. The
solution was to divide the optimization into two steps. This has remained the solution also for
multi-objective optimization, as in the final version of the framework described in chapter 4.
In the first step, the genetic optimizer generally converged in about 30 min, and in that time
10 to 20 thousand trials were completed. In the second step, with HF models the geometry
variables were limited to stay relatively close to the results of the first step. It was found that a
range of ± 15% from the values obtained during step 1 was suitable. The GA was then set to
make 900 function evaluations and report the optimal configuration.
The result is summarized in Table 5-4. The three optimizations converged into three
successful designs where all the design requirements were met. Suitable propulsion systems
were chosen and the overall planforms generated give a good impression.
Table 5-4. Results of the three different design optimizations.
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It can be noted that even though the database contains large amount of propulsion system
components the actual components selected for the final configurations share some of their
components. For instance, were all given the same controller. None of the designs got the
same motor, but designs 2 and 3 were given the same propeller. This can partly be described
by the design space being discrete and that there are not enough components to choose from.
That is true for the propeller selection. Designs 1 and 3 were also given the same batteries.
This is a result of that particular battery having the highest energy density in the database and
the optimizer tending to find the best components and fine-tuning the geometry to fit this
system. This became very evident when components in the database were defined with
unrealistic parameters. It happened that during the optimizations some components became
“killer” components that easily conquered other components even though they realistically
should not. This was often a consequence of badly defined parameters by that component’s
manufacturer, or that particular component standing out from the others on the market. One
such component is the Mfly motor that often wins the motor selection. It stands out with very
tightly wound stator and high copper content, making it slightly more efficient than the rest.

5.4 Rapid Prototyping Case Study
The latest and most advanced version of the design framework, as described in chapter 4, uses
a multi-objective genetic algorithm for optimization. It is also coupled to a rapid prototyping
machine, or 3D printer, to allow for direct manufacturing. In order to put this to the test, in
appended paper [II] an optimization is carried out to create a MAV formed around a small
flight data recorder. One of the designs along the optimized Pareto front was then printed
using the 3D printer and finally flight-tested. Figure 5-7 shows the MAV used for the flight
tests and Table 5-5 summarizes its characteristics.
Table 5-5. Test aircraft geometrical characteristics and propulsion system components list.
Geometrical Specs
Root Chord
208 mm
Tip Chord
56 mm
Wing Span
270 mm
LE Sweep
38 Deg
Twist
1 Deg
Nose Length
31 mm
Weight
185 g

Motor
Battery
Propeller
ESC

Figure 5-7. The MAV used for flight testing.

Propulsion System Specs
Turnigy C1822
FlightPower EVO Light 3s350Mah
APC 4.5x4.1
Turnigy Plush 6A
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Measurements from the flights provided feedback on the aircraft’s maximum speed and its
endurance at full power. These results were then used to determine discrepancies between
observed and predicted performance of the framework. All flights were carried out in calm
air. The aircraft was manually controlled without any electronic feedback; it was therefore
decided to test endurance only at full power, rather than try to keep a constant cruise speed.
Table 5-6 presents both the predicted and measured performance values. The agreement
between predictions and measurements is surprisingly good. The aircraft’s weight is fairly
straightforward to predict and, as expected, showed good agreement, but it is very
encouraging that the speed and endurance values also show such good accuracy.
Table 5-6. Flight testing results showing agreement between predicted and measured data.
Predicted Measured
Maximum Speed

Error

[m/s]

26,4

25,0

Endurance (VMax) [min]

6,1

6,0

1,6%

Weight

185

187

1,1%

[g]

5,3%

The flying characteristics of the little MAV was, as might be expected, difficult for a
human pilot, but manageable. Its small dimensions combined with comparatively high speed
made it challenging to see in the air. Its control response is also very crisp, making every pilot
input instantly give results. However, it flew very accurately and was little affected by wind.
Its robustness was interesting to evaluate. 3D printing of entire MAV airframes has not been
demonstrated before and little experience exists on how to best utilize the material or what
technology is the best. The chosen 3D printer, a Dimension Elite from Stratasys Inc, utilizes
ABS plastic as its build material. It builds its models layer by layer by extruding a thin thread
of molten plastic. This creates a model with anisotropic strength. The strength is several times
higher in the plane of the layers (xy plane) than the strength normal to the layers (z direction).
This makes the orientation of the MAV during printing very important. The printer is also
limited to a minimum material thickness of 0.7 mm. To get the best strength and surface
finish the MAV was printed out vertically standing on its nose as shown in Figure 5-8

Figure 5-8. 3D printing process. The left image shows the raw CAD model and its orientation in the
printer. The right image shows the processed tool path. The light grey areas illustrate the support
material needed for the main part not to collapse during build up.

The entire outer skin was printed at minimum thickness. It was expected that this would
result in a fragile skin that would break between the layers, but it has proven to be
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surprisingly strong. Inevitably, mishaps have happened during the flight testing. Several takeoff attempts have resulted in crashes but without resulting in any damage. It has even survived
crashes at full speed from altitude. From a weight point of view the 3D printed MAV
prototype was considerably heavier than if it had been produced in composites, but the
surprisingly high damage resistance promises that the 3D printing technology will improve in
the future. It shows that if the material were isotropic and if the minimum material thickness
could be decreased, much better structure weights could be achieved. For this reason, other
3D printing technologies than the one chosen might be better suited. The plastic material
actually has a lower density then composites and this could be beneficial in the sense that
thicker, more buckling-tolerant, surfaces can be made. With composites, buckling loads are
often the problem and sandwich structures become necessary even though the tensile strength
is more than sufficient. Some of the flight testing is illustrated in Figure 5-9.

Figure 5-9. MAV flight testing.

6
Experimental
Validation

A GENERAL CONCUSSION from the design optimization studies on MAVs is that the
propulsion system has the highest influence on performance. A similar conclusion has also
been drawn by Grasmeyer and Keennon [44]. Thus it is where it matters most that the
modelling is accurate. In this chapter results from validation of the propulsion system models,
originally published in paper [III], are summarized. Experimental studies on the effect of
atmospheric turbulence on MAV performance, published in paper [IV], are also included.
The design automation framework has implemented the propulsion system models
described in chapter 3.4. In order to get a broader understanding of the models and its
accuracy, a test bench was built (Figure 6-1) and several components were tested.

Figure 6-1. Propulsion system test bench.

The test bench is based around a set of carefully arranged strain gauges and allows the
motor output torque, rpm and propeller thrust to be measured. At the same time the electric
current and voltage to the motor driver are measured.
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6.1 Electric Motor
The electric motor model in section 3.4.2 is a widely used model. It is used in anything from
the hobby sector to heavy industrial applications. Little attempts have been made to validate
its accuracy, especially for the small BLDC motors typical of MAVs. With the test bench
several motors were tested spanning weights of 4g to 55g. A motor that has often scored well
in optimizations is the Mfly 180-08 15. This motor was therefore acquired and thoroughly
tested. The measured results compared with modelled performance are shown in Figure 6-2.
The figure corresponds to equations (3-2) to (3-4) and the general function shape illustrated in
Figure 3-10. The solid lines illustrate the measured data, while the dotted lines represent the
modelled data.
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Figure 6-2. Results of tested motor data. The dotted lines correspond to modelled performance based
on motor manufacturers’ motor constants. The solid lines represent the measured data.

It can be seen that the modelled data exhibits similar behaviour to the measurements, but
there are some differences that are crucial for optimization purposes. The most evident is that
the maximum efficiency is over-predicted by 5-10%. This is a behaviour that was noted on all
tested motors and could in the worst case be as much as 15% over-predicted. It could partly
be traced to the motor coefficients, as defined by the motor manufactures, giving unrealistic
results in the model. This is not necessarily done on purpose by the manufacturer, but could
simply be from how the coefficients are determined. Unfortunately, there is no standardized
way of determining motor coefficients and different manufactures may have their own
method. The Kv values are often derived from spinning the motor unloaded at a fixed voltage.
Rm values can be measured as the resistance between any two cables on the motor, or could be
determined based on test data at two different operational voltages. I0 is easily determined by
measuring the motor current at no load and driven by a representative voltage. Neither of
these methods provides motor constants that provide accurate motor performance in the
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model. The results showed that that the best way to determine motor coefficients was to curve
fit the motor equations to the tested dynamometer data. Unfortunately, no motor manufacturer
goes to such lengths in order to determine motor constants. If curve fit was done around the
intended operational load of the motor, the results were quite good, especially for lower
power levels where temperature effects were insignificant. However, even with the constants
optimally adjusted to fit the test data, there was still a mismatch between the modelled data
and the test results. The efficiency varied too much over the operational envelope and the
peaks of maximum efficiency were incorrectly placed.
An obvious weakness of the motor is that frictional effects are not properly modelled.
Friction within the motor is included in the I0 constant. Instinctively, this should not be a
constant but a function of rpm, or input voltage. To study if this was the case, the motor
parameters were optimized for every voltage level (for each curve in Figure 6-2). The results
are shown in Figure 6-3.
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Figure 6-3. Motor constants optimally adjusted to suit the tested data at each voltage level.

I0 indeed follows a fairly linear variation with the input voltage. However, this is also true of
Rm and to some extent Kv. In an attempt to improve the model the no load current and internal
resistance were rewritten as linear functions of Um as in equations (6-1),(6-2)
R m  aU m  b

(6-1)

I 0  cU m  d

(6-2)

Where a-d are new coefficients. Since Kv displayed lesser variation with Um, it was left as a
single constant. The resulting equations then become.
n  K v (U m - I m (b + U m a))

(6-3)

P out  (U m - I m (b + U m a))(I m - U m c -d)

(6-4)

With this simple modification, the new motor parameters could be adjusted to match the
motor test data very well. Although this improved model gives excellent results, it is not of
much practical use since motor manufacturers do not supply motor constants in this format.
Another flaw in the modelling is that temperature effects are not included. Temperature
has a large effect on motor efficiency. This was tested in paper [VIII] and is illustrated in
Figure 6-4.
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Figure 6-4. Temperature effect on motor performance.

In the above test, a motor is operated at constant input power, and efficiency is monitored
as the temperature in the motor core slowly rises. The higher power level is close to the
motor’s maximum rated input. At this level the peak efficiency is 6-7% higher than the
efficiency in continuous operation once the temperature has stabilized. The consequence of
temperature is a hysteresis in motor power and efficiency, as illustrated in Figure 6-5.

Figure 6-5. Generalized motor hysteresis due to temperature. The effect is exaggerated for illustrative
purposes.

This behaviour can be explained by increased resistance in the motor windings due to
temperature. This could be modelled as a temperature dependence in Rm. Temperature,
however, is a difficult variable to predict. It depends on cooling factors and the time history of
the motor’s operational load. Since the current modelling focuses on the continuous
operational properties, transient effects can be ignored. If cooling factors are also considered
to be platform-independent, the temperature could be considered to be proportional to the
losses in the motor, or proportional to I2. Rm would then be expressed as in equation (6-5).
R m  aU m  b  kI 2

(6-5)

where k is the proportionality constant of the temperature increase. This addition to the motor
model was also tested. It did further improve on the results slightly at the higher power levels.
However the difference was too little to motivate the additional complexity of the equations.
On the other hand, the Mfly motor on which this testing is done is the highest efficiency
motor tested. Less efficient motors produce more heat and may be better suited to describe
with such a model.
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6.2 Motor Driver
When testing motors as described in the previous paragraph, the motor controller is always set
to 100% throttle, thus eliminating any losses depending on the duty cycle length of the motor
controller. In flight, the power is regulated by adjusting the duty cycle length, and it is
therefore important to model its effect on controller efficiency. Exact measurement of the
efficiency of the motor controller itself is very complex, but one way to extract the effect of
duty cycle length to the total efficiency is to compare the efficiency curves over output power
for a case when the duty cycle is fixed at 100% with varying input voltage, and the case
where input voltage is fixed and the duty cycle length is varied. This was tested for 6 different
controllers, different motor controller combinations and different operating conditions. An
example is shown in Figure 6-6, where all the different controllers are tested on the same
motor.
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Figure 6-6. Measured efficiencies for several ESCs on the same motor.

The results are remarkably similar except for the YGE12 and CC Phoenix 10 controllers,
which exhibit strange discontinuous efficiency curves. Aside from these two controllers the
results indicate that the controller’s impact on efficiency is not significantly dependent on the
motor controller parameters. To see how the motor parameters impact the motor controller’s
effect on efficiency, several motors were tested with the same controller. The results are
shown in Figure 6-7.

Figure 6-7. Variations in ESC efficiency on different motors.
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This supports the idea that motor parameters have greatest impact on efficiency. The poor
efficiency is also quite alarming. At 50% duty cycle the spread in efficiency is approximately
from 65% to 94%. Unfortunately, finding a correlation between the measured data and motor
parameters has proven to be difficult. The only available model of motor controller efficiency,
explained in chapter 3.4.3, does not correlate to these results at all. As a comparison, if the
data in Figure 6-7 is recreated using this model, the results becomes as in Figure 6-8.

Figure 6-8. YGE12 motor controller efficiency modelled for the same motors and operating conditions
as in Figure 6-7. The model is clearly not representative of reality.

All together this shows that the motor controller has a major impact on the efficiency of an
electric propulsion system. The motor controller’s influence on efficiency, at part duty cycles,
is clearly an important area where better understanding and modelling is needed.

6.3 Propeller
In the framework database the propeller characteristics are estimated using the BEMT
software JavaProp. This is not the ideal solution since JavaProp has a very limited airfoil
database, but it allowed for a very convenient method to quickly build a database of
representatively behaving propeller characteristics. This was at the time more important than
absolute accuracy. The instinctive feeling, however, was that JavaProp over-predicted the
efficiency by a certain amount. To better understand propeller efficiency for the small
propellers used by MAVs, it was decided to do some experimental testing. The efficiency of
propellers working at low Reynolds numbers has been paid increasing attention recently.
Several studies has targeted typical model hobby propellers for smaller UAVs [84][97][39].
The most comprehensive study has been performed by Brandt and Selig [10], who have also
made their results available on the University of Illinois website [9]. In all of these studies the
tested propeller sizes have been a little larger than what is appropriate for MAVs. For this
reason, when, in paper [IV], an accurate propeller model was needed for MAV flight testing,
there was no other option then to experimentally characterize a propeller in a suitable size
range. Since Linköping University has no wind tunnel, a different testing method was
developed. As a wind tunnel substitute a measurement rig was mounted on the roof of a car.
The rig is built on the same equipment used in paper [III] to test motors (Figure 6-1), but
upgraded with a pitot tube, flow inclination sensors and new electronics. The rig can be seen
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in Figure 6-9. The rig measures propeller thrust, torque, rpm, free stream static and dynamic
pressure, flow inclination in pitch and yaw using vanes, gps speed and motor input power.

Figure 6-9. Car-mounted propeller test rig.

The procedure for propeller measurements using this principle is explained in detail in
paper [IV]. The measurements with the rig have provided successful data. The result of thrust
and power coefficients for an APC 6x5.5 propeller is shown in Figure 6-10. It was seen that
within the range over which the propeller would typically operate in flight, the propeller
performed consistently with little Reynolds number effects. The characteristics of the same
propeller were then analysed using JavaProp, which is illustrated by the blue lines in Figure
6-10.

Figure 6-10. APC 6x5.5 propeller test results compared with JavaProp estimations.
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The measured efficiency seems to be somewhat higher than has been reported for similar
propellers by Brandt and Selig [10]. The reason for this seems likely to be that their
measurements are taken at lower rpm and Reynolds numbers. In the above testing the rpm of
peak efficiency is approximately 11,000. For v=11 m/s the peak efficiency occurs at
approximately 6,000 rpm and equals 60%. This is in a similar range to Brandt’s and Selig’s
measurements and the results are also similar. The efficiency of small propellers quickly
deteriorates at lower Reynolds numbers. As a reference, the Reynolds number in these tests
ranges from 23,000 to 56,000, based on the blade chord at 75% of the blade radius and with a
. This is right about the range where low
velocity defined as
.
Reynolds number effects become significant.
The results of JavaProp estimations provide a representative behaviour of the propeller,
but efficiency is over-predicted by approximately 10%. The curves are also shifted to the right
as if the modelled propeller has a higher pitch then the real one. This may to some extent
come from that the input geometry being based on a top and side view photo of the propeller
and is thus not perfectly accurate.

6.4 Effect of Atmospheric Winds
In the aerodynamic modelling of the described framework, the flow is considered smooth and
stable. This is a common assumption in most research and modelling of fixed wing MAVs.
For instance, CFD simulations and wind tunnel studies are generally carried out with smooth
inflow [131]. However, as described in section 3.1, the real flow environment of MAVs is
highly turbulent and may be classified as unsteady. The effect this has on aerodynamic
characteristics is not given much attention in the research world. The significant turbulence in
MAV flow environments has the potential to influence both lift and drag properties. The
constant attitude changes and excitation of oscillatory modes need to be either corrected by
the control system or dampened by the aerodynamic stability inherent in the design. This
results in extra drag. Moreover, the rapid fluctuations in flow direction in the ABL have the
potential to profoundly affect the flow around the vehicle. Measurements by Katzmayr [68]
have shown that an oscillating airflow considerably alters the aerodynamic properties of
airfoils.
To study the effect of atmospheric turbulence on MAV performance, the PingWing MAV,
described in section 5.2, was equipped with data logging equipment and flight-tested in
several different ABL conditions with the objective to determine its aerodynamic efficiency.
The assumption was that increasing wind and turbulence would result in a noticeable change
in performance. These experiments are presented in detail in appended paper [IV], but are
summarized in this section.
The flight testing provided drag characteristics using a thrust-calibrated propeller. Data
was collected using an Eagletreesystems elogger V4 data logger, complemented with
additional Eagletreesystems sensors for measuring airspeed, rpm, altitude, GPS, 3-Axis
acceleration and air temperature (Figure 6-11). No autopilot was used and all piloting was
done under manual control. The logging frequency was set to 50 Hz.
The testing consisted of flying the MAV in a fixed pattern of as long straight lines as
possible, aligned with the wind direction, followed by gentle 180 degree turns. After take-off
the pattern was entered at full throttle, which was then gradually decreased in small arbitrary
steps until the airspeed no longer allowed the altitude to be maintained. Data analysis
provided averaged data for each second, creating a smaller data set that could be illustrated
and plotted more easily. A second data set was also created where the raw data was averaged
for each step in throttle used during flight test, from full throttle down to minimum required
throttle to remain airborne. These averaged points were finally used to curve fit a lift to drag
equation.
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Figure 6-11. Eagletreesystems elogger V4 and sensors.

6.4.1 Test Results
Flights were made on several occasions and with varying wind conditions. In all, the results
from three flights are presented. All flights were conducted in similar conditions in terms of
pressure, temperature and humidity.


Flight1: This flight was conducted in pretty much as ideal conditions as they can
ever be. The wind was exceptionally calm. The ground based wind meter at the
site reported 0 m/s although flight data revealed a slight breeze of approximately
1.5 m/s at altitude. This kind of calm wind conditions and total lack of thermal
activity rarely occurs. The terrain of the test site is a flat landscape with some
obstacles far away from the test site. The results from this flight should be
regarded as a reference of the most forgiving ABL conditions possible.



Flight 2: This flight was conducted on a day of high winds and at the same
location as flight 1. The on-site wind meter reported 9m/s with gusts of up to 12
m/s. This can be regarded as an approximate upper wind speed limit for operation
of MAVs. The conditions of this flight should be considered rough but as to be
expected at these wind speeds.



Flight 3: Flight 3 was conducted on the same day as Flight 2 but at a different
location that generated more turbulence. The site was situated next to a forest and
with the wind direction perpendicular to the trees’ ridge line. The flying was
conducted parallel to the ridge line on the leeward side in order to attain
maximum turbulence. An approximate wind speed as acquired from flight data
was 7-8 m/s at the flight altitude of around 1-1.5 times the trees’ height. This
generated a massive amount of turbulence to a degree that should be considered
unrealistic in normal flight.

Figure 6-12 shows the results from each of these flights. The multi-coloured point clouds
represent the one second averaged data. This illustrates the spread of the data for the different
flights. The colour is used to distinguish at which throttle level the data points were gathered.
The green data points represent the total average for each throttle level. The black lines
represent the curve fit of the data points. Finally, the curve fits for each of the three flights are
compared in the lower right graph.
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Figure 6-12. Data log result from each test flight. The scatter points represent 1 second averaged data.
The larger green dots represent the average for each throttle level. The black curves are the
polynomial fit of CL vs CD. Lastly, in the lower right graph, the polynomial fit of each flight is
compared.

The results show that even though the turbulence in Flights 1 and 2 is at the opposite ends
of the scale of practically occurring turbulence in MAV flight, the resulting lift to drag,
averaged over time, is close to identical. This was unexpected. When observing the MAV
flying in the wind, it was seen to be violently thrown around and substantial control inputs
were constantly required to maintain the flight path. The instinctive feeling was that the abuse
from the turbulence would notably reduce the MAV’s performance. A conclusion is that for
the range of turbulence in which it would be realistic to operate, turbulence has a marginal
effect on performance.
For the chaotic turbulence along the ridge line in Flight 3, performance decreased but due
to the massive turbulence, the accuracy of the measurements is also less reliable. Since the
turbulence level is not representative of any realistic scenario, that result is of less importance.
It is included in the results as a reference of nothing drastic happening even at those levels.
6.4.2 Result Analysis
The result from flight 2 was analysed further to investigate the effect of turbulence. To
illustrate the magnitude of turbulence in flight 2, the complete 3-axis accelerometer data for
40 seconds of the flight is given in Figure 6-13. 40 seconds of 3-axis accelerometer data from
Flight 2, at a velocity of 22 m/s.
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Figure 6-13. 40 seconds of 3-axis accelerometer data from Flight 2, at a velocity of 22 m/s.

Looking at the accelerometer data it is clear that the flow fluctuations occur at a rate where
the aerodynamics are to be classified as unsteady. One way to quantify the degree of
unsteadiness in an airstream is the reduced frequency parameter (Equation 6-6).
k

c
2v

(6-6)

where ω is the angular frequency of the fluctuating airstream, c the chord of the wing and v
the free stream velocity. According to Leishman [76], the unsteady aerodynamic effects can
generally be ignored for reduced frequencies in the range of 0 < k < 0.05. Above this limit the
flow is to be categorized as unsteady. Furthermore, at reduced frequencies of 0.2 and above,
the aerodynamics are to be considered highly unsteady and unsteady effects will begin to
dominate the air loads. If a spectral density analysis is made of the accelerometer data from
flight 2, it is seen that the most significant fluctuations occur in the range of 5 Hz. This
corresponds to k=0.21, i.e. highly unstable. With this in mind, it is surprising that no
difference in performance was noticed. On the other hand, the classification using reduced
frequency does not account for the amplitude of the fluctuations, which should reasonably
also play an important role. The vertical acceleration in Flight 2 is at maximum fluctuation
between 0 and 2 g. At a speed of 22 m/s this corresponds to a CL variation of 0-0.22, or an
angle of attack variation of 4.1 degrees. This variation in angle of attack is not excessive and
is probably not enough to alter the vehicle’s drag characteristics significantly by itself.
An interesting comparison can be made by assuming steady aerodynamics and simulating
the potential drag increase in turbulence using the logged accelerometer data. This was done
for the accelerometer data in Figure 6-13. As a reference of lift to drag characteristics in
steady flow, the results from the flight in calm air were used. Averaged over all data points
this resulted in an increase in drag coefficient of 2.3%. This would hardly be noticeable in the
data log. In this calculation, however, no account has been taken of the drag induced by the
relatively large side forces caused by the turbulence. The induced drag due to side force is
difficult to predict. A conservative estimate can be made by assuming that all of the side force
is generated by the vertical stabilizers and then using standard equations for lift induced drag
to compute the side force induced drag. The vertical stabilizer is a clean aerodynamic surface
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and should provide a much better “side force to drag ratio” then the actual vehicle has; these
estimates should therefore be seen as the minimum drag increase. Based on the Y-axis
accelerometer data from Figure 6-13, this approximation resulted in an average drag increase,
due to fluctuating side force, of 12%. In total, if steady aerodynamic theory were valid for
turbulent conditions, the average drag coefficient of Flight 2 should at a minimum be 14.3%
higher than for Flight 1. This is for the flight velocity of 22 m/s and would increase further for
lower velocities. Clearly, this would have been seen in the data and thus the unsteady
aerodynamic effects do have an influence. What is interesting it that it appears as if the
unsteady effects benefit the MAV to the point that the drag generated by the constant
disturbance in attitude and flight path is offset by an energy gain from the turbulence.

7
Concept Prototyping
and Testing

AERONAUTICAL

RESEARCH AT Linköping University, division of fluid and
mechatronic systems, is as a whole centred on developing methodologies for conceptual
aircraft design. This includes design automation and methods of multi-disciplinary
optimization using a variety of computational tools. The design automation of Micro Air
Vehicles can be considered a subset of this work. Another area subordinate to the design
methodology research is concept realization and testing. In this chapter research in this field is
described and two projects, appended in papers [V] and [VI], are summarized.
During early design stages, the details and knowledge of a system are generally sparse.
The complexity of the system demands drastic simplifications in order to lower analysis
turnaround time to acceptable levels. At the same time, in this early stage the cost of the entire
project is more or less established. Mistakes, due to lack of knowledge, may turn out very
costly in the end. On the other hand, at a conceptual stage, changes are simple and
inexpensive to implement. For this reason, the earlier a physical prototype can be realized and
tested to validate assumptions, modelling, etc, the better. Physical prototypes have
traditionally been considered expensive, and there has been a trend towards favouring
simulation. On the other hand, simulation today has grown too be very complex and its cost
has risen. In the meantime the cost of actually building prototypes has decreased thanks to
modern equipment and prototyping tools. Prototypes can be built sooner, at less cost and
provide more data than before.
Another reason why the importance of physical testing in aircraft design is increasing is
that the time between aircraft projects is constantly increasing. Aeronautical engineers of
today, and the future, will never have the same experience as older generations. The lack of
practical experience may lead to mistakes that will be expensive to correct later in the design
phase. Future aircraft designs may also be unconventional, thus further increasing the
unknowns. Being able to produce prototypes inexpensively and quickly, capturing the salient
system characteristics then becomes a valuable aid even during initial design space
exploration or the conceptual design phase. It can be included both in the conceptual or
preliminary design phase, when the predicted characteristics of the design at hand do not feel
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certain enough. Figure 7-1 shows how this low-cost prototype testing activity is implemented
at the University.

Figure 7-1. Concept evaluation methodology at Linköping University.

An MDO process serves in most cases as the starting point and results in a geometry of the
aircraft to be evaluated. The university has capability for two types of low-cost testing: water
tunnel testing and flight testing. Depending on what type of testing is required and the size of
the test vehicle, one of the two manufacturing paths in the figure above can be chosen. For
small aircraft and water tunnel models, the 3D printer can be used effectively. An example of
this was described earlier in chapter 5.4. Larger aircraft are most suitably manufactured in
composite materials using CNC fabricated moulds, and sometimes in combination with a 3D
printer for smaller components. The process of testing a scaled model in free flight is often
known as subscale flight testing and will be described in more detail in the following
paragraph.

7.1 Subscale Flight Testing.
Subscale flight testing is a means of allowing the design team to evaluate flight
characteristics, comparing high-risk platforms and technologies without the prohibitive
expense of building a full-scale prototype. It allows extreme, high-risk portions of the flight
envelope to be investigated without risking an expensive prototype, or in extreme case,
human lives.
Looking back in the history of aviation, the use of subscale models has always been a part
of aircraft design. A good summary of NASA’s activities is for instance given by Chambers
[13]. Most commonly, scaled models have been used for static measurements in wind tunnels,
but free-flying models have also been used, particularly for dangerous tests, such as high
angle-of-attack flight or to study departure modes. Spin models for updraft wind tunnels have
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been standard practice since the 1940s but free-flight models have also been built for
conventional wind tunnels, such as the NASA Langley Free Flight Facility [48]. Spin testing
is also often carried out using remotely controlled unpowered models dropped from
helicopters, a typical example being the Saab Viggen test programme [50]. More recent
examples of how drop models have been used are the X-31 project [70] and Boeing F/A18E/F [18]. Subscale drop models have also been used for studies of space vehicles such as
the Lockheed Martin X-38 and Japanese HOPE-X [136].
More advanced demonstrators are often powered by their own internal propulsion
systems. Some examples are the Rockwell HiMAT [22], the NASA-funded McDonnell
Douglas X-36 [27][128], the Saab SHARC UAV [31], the NASA X-43A-LS [40], the
proposed Gulfstream Quiet Supersonic Jet [130], and the BAE Systems UAV technology
research program FLAVIIR [137]. In all these cases the configurations are highly
unconventional and there is thus a desire to demonstrate the configurations’ feasibility
without the cost or risk of a manned, full-scale vehicle.
Among the more unique examples of subscale testing the aerodynamic evaluation of Saab
Draken should be mentioned. In order to evaluate the aerodynamics of the unconventional
double delta wing, numerous drop models, line control models and rocket-powered freeflying models for supersonic speeds were tested. A subscale manned aircraft, the Saab 210
“Lilldraken”, with a planform similar to the proposed aircraft, was also tested prior to fullscale development.
Recently, the use of subscale flight testing has been extended to civil aircraft, such as
within the NASA Airstar research programme [66], where scaled models are used to explore a
larger flight envelope for a civil transport aircraft. It is thus possible to evaluate the different
risks that can be encountered during take-off, landing or under heavy gusts. For blended wing
body concepts, the X-48 program from Boeing and NASA have been using a scaled model to
demonstrate the concept and obtain more data without going to full-scale [112]. An example
of a pure research project, with partners from both university and industry, is the NACRE
Innovative Evaluation Platform (IEP), where a modular, dynamically scaled aircraft is being
built to study environmental and safety issues [42].
With modern electronics the benefits of subscale flight testing increase. Lightweight, lowcost and high-accuracy data acquisition systems can be assembled relatively easily. This
allows subscale aircraft to be built more cheaply, on a smaller scale and earlier in the design
process. Another important factor that has made subscale flight testing more accessible than
before is that the radio-control hobby industry has lately evolved to highly advanced levels
and thus offers high quality components at reasonable prices. These are components such as
miniature gas turbine engines, precision servos, robust and redundant data links, redundant
power systems, ultra-fast gyro stabilizers, etc.
7.1.1 Scaling Methods
When creating a subscale model, different scaling methods can be employed to correspond to
the full size aircraft. Key scaling similarity conditions that must be met in order to achieve
full similarity, accordingly to Wolowicz et al [134], are:








Geometric similarity
Aerodynamics
Reynolds number - Ratio of fluid inertial to viscous forces
Mach number - Ratio of fluid inertia to pressure forces
Inertial scaling
Froude number - Ratio of inertial to gravitational effects
Strohaul number - Applies to oscillatory motion

72

Aircraft Design Automation and Subscale Testing

If aero-elastic effects also need to be considered the scaling problem becomes even more
difficult. Significant discussions are going on as to what degree these parameters need to be
matched to ensure similar characteristics between the subscale and full-scale vehicles. In
general achieving perfect similarity on all parameters is impossible. The priority between the
parameters depends on what effects need to be studied. For example, departures, such as spin,
require correct inertial scaling whereas take-off and landing performance tests are more
dependent on aerodynamic and thrust matching. Aerodynamic scaling means that the scale
model should have matching aerodynamic coefficients (CL, CD, Cm etc). Since the subscale
flight always takes place at a lower Reynolds number than the full-size counterpart, this can
be hard to achieve. To alleviate the effect of the Reynolds number the geometry can be
modified, such as choosing a different airfoil, thus conflicting with geometry scaling. Perfect
geometric scaling may also be complicated to achieve for structural reasons and due to the
need to accommodate internal components. More information on the different scaling
methods and their associated complications can be found in Wolowicz et al. [134].
The scaling method that is most common in subscale flight testing is called dynamic
scaling. Dynamic scaling means that the subscale model is designed to ensure motion
similitude with its full-scale counterpart. This is described by Chambers [13] as
When a geometrically similar model of an aircraft reacts to external forces and moves
in such a manner that the relative positions of its components are geometrically similar
to those of a full-scale airplane after a proportional period of time, the model and
airplane are referred to as “dynamically similar,” bringing about a condition known as
dynamic similitude.
A dynamically scaled model will behave with identical flight path and angular displacements
to the full-scale vehicle, but with a different scaling in time. To achieve dynamic scaling the
balance of aerodynamic and inertial parameters is very important. Dynamic scaling can be
done for both slow flight speeds where the flow is considered incompressible, and high
speeds where Mach number and compressibility effects are considerable. Subscale flight
testing at transonic speeds, however, is rather complicated and is not given any attention in
this thesis. For incompressible flows and where the aircraft is considered a rigid body the
scale factors to achieve dynamic similitude are given in Table 7-1.
Table 7-1. Scale factors relevant for dynamically scaled models, from Chambers [13].

Scale factors for rigid dynamic models
Linear dimension
s
Relative density (m/ρl3)
1
Froude number (v2/lg)
1
Angle of attack
1
Linear acceleration
1
Weight, mass
Moment of inertia
Linear velocity
Angular velocity
Time
Reynolds number (vl/ )

√
1/√
√
.
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In the above table is the ratio of air density to that of sea level (
kinematic viscosity. The scale factor s is defined as

/ ) and
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(7-1)
where subscript m and fs denote model and full scale respectively. As can be seen in Table
7-1, the main factors to maintain equal between the model and full scale are the Froude
number and relative density. It can also be seen that the model’s weight and moment of inertia
at sea level scales to the power of 3 and 5 respectively. This in general results in dynamically
scaled models being considerably heavier than conventional hobbyist-type radio controlled
models of equal scale. Subscale flight testing is also more or less limited to take place at sea
level altitudes, at least as long as control is from ground and limited to visual range. This
means that if the model is used to simulate the full-scale aircraft flying in anything but sea
level, the model’s weight is further increased due to the difference in air density between the
two environments. To account for all these requirements in the design of a subscale model,
care must be taken in the selection and positioning of all internal components and the general
sizing of the vehicle. The framework for MAV design, described in chapter 4, is an example
of how interconnected computational tools can be used for enhanced aircraft analysis, and
similar methods are used in the design of subscale flight test vehicles at Linköping University.
Design optimization is in such cases not particularly important, but the value of having a
design framework comes from the user’s ability to make manual trade-off studies quickly.

7.2 Data Acquisition System Design
The miniaturization and reduction in price of modern electronics is a key factor for the
increased possibilities with subscale flight testing. Affordable and lightweight data acquisition
systems can be assembled with more or less off the shelf components. This opens the door for
such activities for smaller companies and universities. An example of an off the shelf system
is the Eagletreesystems series of data loggers and sensors [32]. These mainly target the hobby
sector, but for simpler testing, such as the flight testing of MAVs as described in chapter 6.4,
they can be very useful. There are also many UAV autopilot manufacturers on the market that
offer flight control products with data logging capabilities and that could easily be used for
some flight testing purposes. The restrictions with such turnkey solutions are often that the
data log rate is on the low side, electrical inputs for custom sensors is limited and that the
software is not open for customization.
For advanced testing, a more flexible and powerful solution is needed. Initial work on a
custom data log system was carried out at Linköping University in 2008 [V]. This system was
based on a diamond systems PC board “Athena” with a Pentium III class processor running a
streamlined Linux kernel as operating system. The experience gained under development was
that it resulted in a somewhat oversized system and with timing problems in the non-real-time
operating system. A decision was taken to begin development of a new system based on
microcontrollers and without any operating system. This reduces the hardware to an absolute
minimum and reduces cost, size and power consumption. Furthermore, this approach
facilitates better timing control than with the Linux operating system initially used but with
the disadvantage of losing multitasking capability.
The developed system, showed in Figure 7-2, has been presented in paper [XIII]. The core
of the system is a processing unit responsible for the timing and data handling between the
peripherals. It interfaces to both analogue and digital sensors. A telemetry link is used to
communicate with the system from a ground station with a graphical interface.
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Figure 7-2. Data acquisition system.

The telemetry link is primary intended for system control and to provide the pilot with
important flight condition information such as velocity, altitude etc. The RC link receiver is
also interfaced to the core unit in order to monitor and save all control inputs.
7.2.1 Core Unit and Data Link
According to the minimalistic approach, the design of the core processing unit has been
realized using a 32-bit microcontroller family from Atmel (AVR32UC3A). This
microcontroller type provides CPU performance with up to 66MHz clocking, and comes with
an on-chip Flash program memory. The prototype has been built on a commercial off the
shelf development board connected to a hand-made adapter board for sensor and memory
connections. The microcontroller was programmed in C in the freeware development
environment “AVR32 Studio”.
Data is stored in a sequential access memory from Atmel (AT45DB321D), connected by
serial peripheral interface (SPI) with a frequency of 33MHz. This 4-megabyte capacity
memory has two on-board 528-byte data buffers which enables continuous write or read
operations without the need for data buffering in the microcontroller’s memory. With all
sensors active, this memory is enough for approximately 5 minutes of logging.
The data link is realized by using two radio modems working on the ISM 868 MHz
frequency band (XBee-PRO®868 OEM). These units are connected by a serial interface with
the microcontroller and the USB port on the ground station (standard laptop). In the current
state, the data link fulfils two functions: system control and in-flight transmission of flight
data. The system control functions, such as logging start/stop, set marker, show status
information, system reset etc, can be executed with single character commands through any
serial port terminal program. A more intuitive way to control these functions is to use the
developed graphical user interface that runs on the ground station laptop.
7.2.2 Instrumentation
The sensor instrumentation consists of the following components:
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Attitude and Heading Reference System (AHRS)
GPS receiver
Nose boom, including:
o Alpha & Beta vanes
o Dynamic & Static pressure
o Temperature Sensor
Turbine engine interface
Receiver servo signal interface

The AHRS is a commercial off the shelf (COTS) component, Xsens MTi-G, and includes
three Micro-Electro-Mechanical System (MEMS) accelerometers, three gyrometers, three
magnetometers, GPS receiver and a built-in sensor fusion algorithm, which enables a direct
output of the attitude of the IMU in quaternion, euler angles or rotation matrix, as well as an
estimated position in space based on a fusion of GPS and accelerometer data. In addition to
the MTI-G’s internal GPS receiver, a standalone GPS receiver was used on some occasions.
This is a low-cost 65-channel receiver “Venus6T” with a maximum update frequency of
10Hz. The only none-COTS device is the nose boom containing the angular flow and pressure
measurement sensors (Figure 7-3).

Figure 7-3. Nose boom containing alpha/beta flow vanes and static/dynamic pressure measurements.

It has been designed at the university following general pitot tube recommendations by
Gracey [43]. The design is based around a 12 mm outer diameter carbon fibre tube. The two
vanes are pivoted on ball bearings and the position readout occurs contactless through the use
of hall sensor encoders. It was at first intended to assemble the encoders using an Austrian
Microsystems hall sensor array (AS5X) but a more practical solution was found by
scavenging parts from a BlueArrow ”DMS28013MG” RC servo. That particular servo houses
a magnetic induction rotary encoder complete with a stabilized voltage regulator and a linear
analogue output of 0-3V. It is small enough to fit inside a 12 mm nose boom. The pressure
sensors are high-precision pressure transducers from Sensor Technics (BSDX series) with an
analogue output signal and a pressure range of 800 to 1,100 mbar (static pressure) and 0 to 99
mbar (dynamic pressure) respectively.
3.4 Challenges
The current system runs fine but there are improvements that are desirable. Logging of the
analogue channels such as pressure and flow inclinations is not a major problem. The output
of the AHRS accelerations and rotational velocities around the aircraft coordinate system is
also acceptable. Complications show up when an accurate position or trajectory of the aircraft
is needed. The challenges are to obtain reliable AHRS and position data for more aggressive
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flying. The GPS alone is not accurate enough, and the data fusion algorithm quickly drifts
under increased g-loads. Accurate trajectories are desirable for the possibility to compare
flight test data with flight simulations. The current solution is not accurate enough.

7.3 Raven - dynamically scaled model
In appended paper [V] the design and fabrication of a dynamically scaled model of a business
jet/medivac aircraft, called Raven, is presented (Figure 7-4). Raven is the result of an
extensive design study carried out within a student project for Master of Science students in
the 4th year of the aeronautical engineering education. More on this project can be read in
paper [X].

Figure 7-4. Raven business jet/medivac aircraft.

7.3.1 Subscale Model
Within aircraft design student projects, it has been a tradition at Linköping University to
“close the loop” by building and flying a small-scale demonstrator. For the Raven project it
was decided to extend this effort into also producing a dynamically scaled demonstrator. The
main goal was to acquire experience and understanding of building and flying dynamically
scaled models. As given by the equations in Table 7-1, the weight of a scaled model can
represent different combinations of aircraft weight and altitude. In order to keep the landing
speed down without needing complex high lift devices on the scaled model, it was decided to
design the model for simulating the dynamics of sea level flight. With the scale factor chosen
to be 14%, this resulted in a 2 m span model of 13 kg in weight and with a wing loading of 25
kg/m2. From an aeromodelling perspective this is a very high wing loading.
Based on the predicted full-scale aircraft properties and the chosen scale factor, the desired
inertia of the subscale model was calculated. The model was then designed in CAD starting
from a downscaled version of the full-size drawings. A new internal structure was made
(Figure 7-5) and all the internal components were modelled as well. The placement of
components and internal structure was an interactive procedure where the CAD software’s
built-in weight and inertia estimation tool was a great help in ensuring that target values could
be met. This was alternated with aerodynamic calculations and propulsion system simulations
in order to meet the target performance.
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Figure 7-5. Structure of Raven demonstrator.

Fabrication of the airframe was completed using composite material. Negative moulds for
each composite part were milled directly from polyurethane blocks (RenShape 5460), using
3D models exported from the CAD model. The fuselage was laminated as a sandwich in glass
fibre and HerexTM foam. The internal structure was cut from traditional aircraft plywood. The
wings were fabricated using a glass fibre and balsawood sandwich. The wingspar of
unidirectional carbon fibre was moulded directly in the wing. The wing was cured in a
vacuum bag in order to minimize excess matrix material and maximize bonding strength. To
save precious time on final surface finish, all the composite parts were spray-painted directly
in the moulds prior to laminating. Most of the fabrication was done in the university lab by
students, but under strict supervision.
All hardware components have been obtained commercially from the RC hobby industry.
Typical RC servos were used for control surface actuation. Two Funsonic FS70 turbine
engines were chosen for propulsion. The final aircraft is shown in Figure 7-6.

Figure 7-6. The finished Raven subscale demonstrator

The moment of inertia was measured by mounting the aircraft in a cubical frame and then
set in pendulum motion. Using equations of pendulum motion, the aircraft’s inertia was
computed based on the period time averaged over a number of cycles. The effect of
aerodynamic damping was ignored in these tests. The results are shown in Table 7-2.
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Table 7-2. Raven inertia properties.
Target values CAD predictions
IMoI roll

2

Measured

(kgm )

0,54

0,3

0,24

IMoI pitch (kgm2)

1,65

1,2

1,46

IMoI yaw (kgm2)

2,09

1,4

1,59

As can be seen, the differences against the CAD predictions were at most approximately
20%. This was due to uncertainties in the CAD model and inaccuracy in the weight prediction
of composite fabricated parts. The numbers are however acceptable since all inertia values are
less than the target values. By adding weights to both wings and fuselage it was possible to
reach proper inertia values without overshooting the total weight budget. A conclusion was
that common model aircraft building techniques lead to aircraft with less weight and inertia
than is required for dynamic scaling.
7.3.2 Testing
Even though the Raven subscale model is very inexpensive, it is still not the kind of aircraft
that one would like to start flight testing without any form of verification of its flight
characteristics. With the low-cost approach adopted for the project the way this was solved
was to build a car top test rig. Car top testing involves mounting a subscale aircraft on top of a
moving ground vehicle, thus simulating real flight. This technique has been described by for
instance Cross [19] and Tigner et. al [121]. Several aerodynamic properties can be evaluated
this way. For subscale flight tests, and in particular the Raven project, car top testing is a
sensible way to test the aircraft in low risk environments, ensuring that there are no unknown
characteristics prior to first flight. For instance, trim conditions, stability, control, cross
coupling effects etc. can be examined. Preliminary work on a car top test rig was carried out
at Linköping University in 2002 [91]. Based on these results, a new, improved car top test rig
was designed and built for the Raven aircraft. The rig can be seen in Figure 7-7.

Figure 7-7. Car top test rig.
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The rig was mounted on top of a Volkswagen Caravelle minibus. The aircraft is attached
to a 2m portable tripod. A support column protrudes from the tripod through an opening in the
airframe and mounts with a gimbal in the aircraft’s exact centre of gravity. This unique design
feature had to be taken into account from the beginning in the design of the Raven
demonstrator. The consequence it had on the design was that a complicated wing spar had to
be made, curving the spar around the opening needed for the gimbal attachment. The gimbal
allows the aircraft to freely rotate in all axes while logging the angles. For measuring pitch,
roll and yawing moments, the possibility exists to lock the aircraft in a given position, where
moments are measured using pushrods and conventional beam type load cells. Lift, drag and
side forces are measured with 4 strain gauges mounted on the support column. In addition to
the measurement of angles and strain gauges the airspeed is measured using a Pitot tube.
The results from the car top testing showed that the aircraft suffered from a rather
significant Dutch roll behaviour as illustrated in Figure 7-8.

Figure 7-8. Dutch roll problem found during car top testing.

A problem with allowing a model to freely pivot on the centre of gravity but constrained
in x, y and z translation is that the roll stability inherent in the design is put out of play. A roll
disturbance will not produce a sideways translation and thus result in an opposite reacting roll
moment. It is unclear to what extent this effect influenced the results of the car top testing. It
is likely better to restrict the roll axis during car top testing and only allow pitch and yaw to
be freely suspended. Unfortunately, the testing of the Raven aircraft was on a tight schedule
and there was no time to further investigate the Dutch roll problem. Flight testing was
postponed and at the time of writing the aircraft has still not flown. The car top test technique
is however interesting to develop further as a low-cost method. The measurements of lift and
drag for instance were rather noisy and did not provide as good a result as hoped. Lessons
learned were that better data acquisition electronics with higher log frequency and better
filtering than originally used is needed.

7.4 Generic Future Fighter
In appended paper [VI] a more high-profile subscale research project is presented, the Generic
Future Fighter (GFF). In 2006 the Swedish Defence Materiel Administration (FMV) initiated
a research project concerning a generic fighter aircraft. It involved airframe design, as well as
subsystem design, for an aircraft with stealth capabilities, super-cruise and long range. The
following parties were involved: Saab AB, the Swedish Defence Research Agency (FOI),
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Volvo Aero, Linköping University and the Royal Institute of Technology (KTH). The
specification of the GFF asked for:








Multi-role
Stealth
Internal payload bays
Super-cruise
Integration of future sensors and system architecture
Studies of a new engine
Scaled demonstrator.

The concept for the GFF was developed by SAAB Aeronautics with support from FOI.
The aircraft has three internal payload bays in the fuselage: two centrally placed for heavier
payloads, located close to the centre of gravity, and one forward bay for lighter payloads
(Figure 7-9).

Figure 7-9. General view of the generic future fighter.

The basic configuration is a canard, i.e. a stealth development of the Gripen system. The
airframe design was only carried out at conceptual design level and thus no detailed
aerodynamic optimization was made in order to fine-tune the geometry and work out any
potential aerodynamic complications. For instance, no wind tunnel testing was done. Some
CFD analyses were made at FOI but focused on weapons separation and how the forebody
and/or canard vortex impacted the tail section at high angles of attack [6]. In order to get some
feedback on the aerodynamic qualities of the design and its general flying characteristics, it
was decided to build a subscale flying model. This task was given to the university. The fact
that a physical prototype was built also provided great value for all parties in the sense that
the project became more real than just a paper study.
7.4.1 Scaling Considerations
Before the subscale model was built, considerations were made as to what similarity
parameters were to be followed and to what scale it would be designed. Dynamic scaling,
similar to the Raven project (chapter 7.3), was considered but calculations, according to Table
7-1, showed that a dynamically scaled model would be too heavy and complicated to both
build and operate within the allocated budget. Table 7-3 shows the aircraft’s properties as a
function of scale factor, assuming sea level altitude.
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Table 7-3. GFF properties as a function of scale, assuming sea level and dynamic scaling.

A further difficulty with providing dynamic scaling is the fact that the full-scale aircraft is
designed as unstable. The subscale model would have been too complicated to build as
unstable so the same CG position as in its full-scale counterpart could never be used. The
scale factor was in the end decided to be 13% based on availability of COTS components and
manufacturing costs. As can be seen in the table above this would have resulted in a 52 kg
aircraft in case dynamic scaling had been pursued. This can be compared to the Raven
business jet in the previous paragraph, where a similar scale factor resulted in a 13 kg aircraft.
Clearly a military fighter is much more complicated to realize as a dynamically scaled model.
7.4.2 Manufacturing
The subscale model aircraft is realized in composite materials with the internal structural
elements of the fuselage made of plywood and carbon-fiber. The fuselage was produced very
similar to the Raven aircraft. Negative moulds were CNC milled using the CAD model
defined in CATIA V5 and the composite shell was laminated as a sandwich of glass fiber and
foam, cured in vacuum. The wings were built using a more traditional model building
technique. A medium density polystyrene foam block was shaped using a computer controlled
hot wire foam cutter. The foam core was then covered with a balsa and glass fibre sandwich.
Two 14-mm carbon-fiber rods were used as load-carrying wing spars and are used to connect
the wings with the fuselage.

Figure 7-10. GFF subscale demonstrator.
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A similar manufacturing process was employed for both canards and vertical tails. 3D
printing technology was also used for some internal fittings and external cosmetic details. A
JetCat P160SX engine was chosen for propulsion. The turbine was additionally equipped with
a thrust-vectoring nozzle enabling the jet stream to be deflected ±15 degrees in both the
horizontal and vertical plane. The final aircraft can be seen in Figure 7-10. The design and
manufacturing, including system installation, were accomplished in about 4 months with one
person, inexperienced in model building, working full-time, and two PhD students filling in
part-time (approximately 30%) and supervising the work.
7.4.3 Testing
The aircraft made its maiden flight in November 2009 and was a success. It handled and
performed accordingly to the predictions made by the university. Some pitch-up tendency was
noted at higher angles of attack, but were at a level that the pilot could easily manage. The
subsequent flights were to be made with the data acquisition system installed; however, the
data acquisition system, described in 7.2, is still in beta testing. The data acquisition system
has however been tested in a commercial RC model of similar configuration.
Apart from the work with the logging system, experiments with flow visualization
techniques on subscale aircraft in free flight were also carried out within this project. Using
small on-board cameras it is possible to visualize flows in ways similar to what is common on
full-size aircraft. While this is a rather obvious possibility, it is a method that has rarely been
utilized in other subscale flight research projects. This is probably due to the fact that only
recently has camera technology development provided miniature, yet high-quality, video
cameras that are small enough to easily be fitted anywhere on a subscale model. An
illustration of such a flight test can be seen in Figure 7-11, where the test aircraft was fitted
with wool tufts on its right wing. A 640x480 resolution video camera with on-board memory
was mounted on the fin facing the wing and wool tufts. The flight was simultaneously
recorded by the data log system. The pictures shows selected video frames of a high alpha
sweep. The wool tufts clearly illustrate the surface flow pattern and wing vortex build up.

17o
23o
Figure 7-11. In-flight flow visualization of high alpha sweep.

30o

36o

In the above test only one camera was used. With several cameras a larger part of the aircraft
could be covered and potentially with some video manipulation a composite video, or mosaic,
of a larger surface could be created. Besides using wool tufts, flow visualisation using solid
smoke flares has been attempted, but without providing a useful result.
In order to further visualize the flow around the GFF, following the concept validation
methodology in Figure 7-1, a water tunnel model of the aircraft was manufactured in a 3D
printer. It was tested in the university’s water tunnel with the primary objective of studying
the forebody/canard vortices’ interaction with the fins at high angles of attack. The results
indicate that for some angles of attack the wake behind the vortex breakdown impinges on the
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tail surfaces, as suspected (Figure 7-12a). A strong interaction between the forebody vortex
and the vortex emanating from the canard could also be seen (Figure 7-12b). No clear
coupling between the wing vortex and the other vortices was observed.

(a)

(b)

Figure 7-12. Water tunnel vortex studies.

To summarize, the GFF project has been very successful and with an industrial
perspective the value per spent monetary unit is exceptionally high. The total project cost is
less than what a single wind tunnel test would normally have cost.
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8
Discussion and
Conclusions

THIS

DISSERTATION SPANS a wide area in aircraft design, such as design
automation/optimization, micro air vehicle design and the use of subscale models and flight
testing to support the development process. Each of these topics are relatively large on their
own and will be discussed separately below.

8.1 Design Automation and Optimization
A framework for design automation and multi-disciplinary optimization has been presented.
The framework is in particular implemented for micro air vehicles, but in general it could be
applied to any type of aircraft design. The same technique would be suitable for the
conceptual design of manned aircraft or larger UAVs. The unique characteristics of the
framework are that it combines low and high fidelity modelling, an accurate geometry model
and a database of real components.
From the perspective of intelligent systems, the framework can be characterized as a
hybrid system, or blackboard system, incorporating sources of mathematical and heuristic
knowledge. The mathematical knowledge is in the form of computational tools such as panel
code or physics-based equations. The geometry model incorporates heuristic and general
geometric knowledge and is embedded into the model by its designer. The heuristic
knowledge comes from experience of how to design airframes, and is expressed in the form of
rules and relations. For instance there are rules about material thicknesses, generalized
component placements, geometric limitations, etc. Computational intelligence, in the form of
a multi-objective genetic algorithm, is used to optimize a family of aircraft in respect of given
requirements.
A problem area in optimization of highly coupled systems involving a mixture of discrete
and continuous variables is that design constraints are easily broken, causing the optimizer to
struggle to find valid solutions. The optimization becomes inefficient as it requires many
function evaluations simply to sort out infeasible solutions. The proposed method of dealing
with the issue is to divide the optimization into two sequential steps in which model fidelity is
increased. In the first step, low fidelity models are used and the processing time is at a level
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where it more or less is irrelevant if many function evaluations are needed. The high fidelity
analysis is not engaged until the maturity of the population reaches a level where the
computational expense is motivated. This has been a successful solution to the problem and it
is not inconceivable that this could be expanded to include even further steps, where for
instance the aerodynamic calculations are further refined.
The advantage of the two-step solution is that the optimization is very robust and requires
little knowledge to be input by the user. For the problems that have been studied, it has been
considered good enough, but as the framework is developed with more advanced and
computationally intensive models, the requirement for an efficient optimization also
increases. Other solutions may be better suited. One solution that could be of interest is the
use of neural networks. Each optimization using multi-objective genetic algorithms generates
a tremendous amount of information. This information may be used to train a neural network
to provide a similar response. The drawback is that if changes are made to the model or
database, the framework needs to be retrained. The software implementation is also not
trivial. Another interesting alternative would be to separate the optimization so that the
continuous airframe parameters are optimized in sequence with the more problematic discrete
propulsion system variables. As discussed in paragraph 2.5.2, sequential optimization is often
not preferred, but this way solutions other than GA could then be used to optimize the
selection of propulsion system components, which could make the optimization more
efficient. For instance, the discrete components could be replaced with analytical models and
optimized with a gradient-based optimization. Such models, based on statistical data, have for
instance been defined by Gur and Rosen [45]. This could then in turn be used to narrow down
ne number of discrete components on which an exhaustive search is finally made. If more
work were to be done on optimizing the optimization itself, these alternative solution
strategies should be implemented and benchmarked against the current solution.
Further development of the framework should also focus on extended functionality of the
parametric CAD model. The output of an optimization is highly dependent on the parametric
geometry description, and this is currently somewhat limited. For instance the current tool
does not allow for pusher propeller configurations, or vertical stabilizer placements other than
at the wing tips. Ideally the geometry should be sculpted from a piece of clay, but such
flexibility cannot be implemented in a CAD system. To increase the flexibility either more
functionality could be added to the existing model, or different CAD “start models” can be
developed that are either user selectable or selected by the optimizer.
For conceptual design of manned aircraft or larger UAVs, a framework, as presented, is
better described as a tool for multidisciplinary design optimization, where a given
configuration, or parametric CAD model, is tweaked to fulfil the design requirements. One
discipline that must be better implemented if design of larger aircrafts were to be pursued, is
structural dimensioning/optimization. In the MAV implementation there are no coupling
between aerodynamic loads and structural dimensioning, but for larger aircraft this
simplification is not acceptable.

8.2 Micro Air Vehicle Design
Micro air vehicles have been the objective for testing the framework and its utility has been
proven with several case studies on MAV design. In general, the framework has provided
good result and many lessons have been learned. To adapt for the general complications with
MAV aerodynamics, a correction factor has been introduced into the aerodynamic modelling
and has been tuned for typical MAV configurations. This has helped to provide satisfactory
results even though the aerodynamic modelling has excluded the nonlinear tip vortex effects,
propeller slipstream, etc. This factor also includes uncertainties in the propulsion system
modelling. In combination with the experience that the propulsion system has the highest
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influence on MAV performance, a natural step was to experimentally study how accurate the
modelling of the propulsion system was. A dynamometer rig was built and a large number of
components were tested.
The overall conclusion of the motor testing is that the motor model used, and that is often
used in MAV design, over-predicts efficiency and does not provide accuracy to the level
desired in optimization. With small modifications, however, it becomes very accurate.
Unfortunately, as long as motor manufacturers do not provide motor constants for an
improved motor model, the usage of such a model is limited. Possibly the biggest problem
with the traditional motor model is that the motor constants provided by the manufacturers is
not consistent with the constants acquired from the testing. If the motor manufacturers at least
derived their constants from dynamometer testing, at approximate operational levels, the
classic motor model would deliver better results.
The component that is most complicated to model is the motor controller (ESC). The
ESC’s influence on efficiency at part duty cycles is an important area where better
understanding and modelling is needed. The testing shows that the efficiency at typical cruise
settings varies widely between different brands and for different motors and there seems to be
no model available to predict these results. The best way to derive a model for the motor
controller is likely from practical testing. However, the number of tests that need to be carried
out in order to investigate how each motor parameter, and operating condition affects the
ESC-related efficiency quickly grows to proportions that are hard to manage. Considering that
the ESC’s efficiency is not only a function of physical effects, but also on the software within
the ESC, it may not even be possible to establish a reliable model.
The testing of propellers yielded, as expected, lower efficiencies than had been anticipated
by blade element theory, by approximately 10%. The overall characteristic of the propeller, in
the sense of the shape of the trust and power coefficient curves, however, corresponded
decently to the real propeller. No major conclusion should be drawn, but it indicates that
BEMT theory may be used for propellers at low Reynolds numbers, even though a correction
factor on the efficiency may be needed.
Besides testing the propulsion system components, the assumption of the stationary flow
adopted in the framework was also validated. The influence of atmospheric turbulence on
MAV aerodynamics was experimentally evaluated in flight testing. The measurements clearly
show that the flow around a MAV flying in turbulent weather is to be classified as unsteady.
However from the objective of determining if stationary aerodynamics is a valid
approximation in MAV design the results are inconclusive. The results show that the unsteady
aerodynamic effects to some extent benefit the tested MAV to the point that drag created by
control surface deflections and oscillatory motions are offset by a propulsive force. This was
an interesting discovery. If passive energy gain from turbulence is possible purely from the
MAV’s aerodynamic shaping, it provides new perspectives on MAV design and leads to
further research questions. How should a MAV be optimized to perform best in the turbulent
environment of the real world? What would the difference be between a vehicle optimized for
stationary flow compared to a vehicle optimized for turbulence? For instance there may be
conflicting requirements between optimizing for low Reynolds numbers and optimizing for
energy gain in oscillatory flow. At lower Reynolds numbers, thin airfoils perform better, but
on the other hand propulsive effects in turbulence are greater for thicker airfoils [68]. Could a
vehicle be built that even passively would save energy by flying in turbulence? Energy gain
from turbulence has been a topic for studies of manned aircraft [103][111], and recently also
of small UAVs, of conventional wing tail configuration, using active control [23][74][100], or
aeroelastic and structural tuning [61][8]. This is an area that needs to be better understood, in
particular for low aspect ratio wings at low Reynolds numbers.
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8.3 Subscale Testing
The thesis also covers rapid prototyping and testing of concepts as a method to support
aircraft design. It should be said that this is not a new occurrence. Large companies and
organisations, such as NASA, have carried out such activities since the birth of aviation. What
is different in the presented work is that it has been shown that with modern technology,
relatively advanced concept testing with subscale models, can be carried out at low cost, with
relatively simple resources, including assembly of custom data acquisition systems. It
demonstrates that these activities can easily be carried out in university research environments
or by smaller companies. Innovative low-cost testing methods have been presented, such as
car top testing or in-flight flow visualization. Two subscale flight projects have been
demonstrated, the Raven business jet and the Generic Future Fighter. Both cases have been
rewarding experiences, although limitations in time and resources have restricted the amount
of results from actual testing. In the case of the Raven aircraft the car top testing provided
valuable results but also raised questions that need further investigation. With the GFF aircraft
the flight testing was successful and served as proof of the vehicle’s design, as well as the
rapid prototyping abilities at the university. The flight testing has only allowed a qualitative
assessment of its characteristics, while the end goal of flying with the model fully
instrumented has not yet been achieved.
Future research in the field of subscale flight testing is to determine the most suitable
scaling methods depending on the goals for what the model should demonstrate. Clear
guidelines need to be developed, where details such as model size, building method, data
logging equipment etc, are defined based on the objective. In principle a well-defined
smorgasbord of available methods, what they require, what can be extracted, and what the
cost is.

8.4 Concluding Remarks
In conclusion it should be said that both design automation and subscale flight testing are
powerful tools to assist in aircraft design. The limits and possibilities are set in the
advancements in electronics and computational power. Computational power is constantly
changing the way we conduct aircraft design and increased modelling and optimization
capabilities will lead to more efficient aircraft. Future electronics will enhance the
possibilities of subscale flight testing, and will be an important tool for developing new
unconventional designs. Electronics and computational power also set the future of MAVs.
Looking back at the few years the author has been involved in MAVs, the technological
advances in miniature electronics have been remarkable. A comparison can be made with
mobile phones. In the space of only a few years, mobile phones have gone from simple voice
and text communication devices to sophisticated computers and entertainment machines
integrated with all the sensors required for autonomous flight of UAVs. Extrapolate these
technological advancements into the future and it is easy to imagine how capable MAVs
could be in a few years. It will indeed be interesting to see how MAVs will be used to serve
the modern society.

9
Review of Papers

Paper I:
Distributed Framework for MAV Design Automation
In this paper design automation of micro air vehicles is introduced and an initial version of a
design framework of coupled computer software is presented. A CAD program is used to
automatically shape the MAV and results from CAD are used in combination with panel code
for aerodynamic analysis. To demonstrate the framework, a relevant design scenario of three
MAVs required for a cooperative mission is studied. In this paper, optimization is performed
using a single objective genetic algorithm. The optimization is made on a database of real offthe-shelf components for propulsion while establishing an optimal planform.

Paper II:
Automated of Design and Fabrication of Micro Air Vehicles
In this paper the most recent version of the design automation framework is presented.
Compared to paper I the design optimization is expanded into a multi-objective Pareto front
optimization. Care has also been taken to include details that have not been considered
previously such as internal component placement and balancing. The loop is finally closed
with a direct digital manufacturing technique and flight testing for verifying performance
predictions
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Paper III:
Validation of Models for Small Scale Electric Propulsion Systems
In Papers I and II the focus is on finding a general method for MAV design automation, using
representative models for all components, but model fidelity is not considered. In this paper
III the modelling of electric propulsion systems for MAVs and smaller UAVs is studied more
closely. A series of tests are made to evaluate motor and motor controller characteristics and
how that compares to established models.

Paper IV:
Testing of Atmospheric Turbulence Effects on the Performance of Micro Air
Vehicles
In the modelling of MAV aerodynamics of the framework explained in papers I and II the
flow is always considered to be uniform and stationary. This is a common assumption made
in most fixed wing aircraft design, and is also true for most research on MAVs. In reality
MAVs fly in the turbulent boundary layer of the earth and this may lead to unsteady
aerodynamic effects. To verify to what extent the turbulent environment of the real world has
on MAV performance a series of flight tests are made in varying atmospheric conditions and
with on board data logging to determine the MAV’s aerodynamic efficiency.

Paper V:
Raven – a Subscale Radio Controlled Business Jet Demonstrator
Continuing the theme of concept validation and experimental testing of UAVs, this paper
presents the design and testing of a dynamically scale model for subscale flight testing of a
small business jet aircraft. The paper discusses scaling issues, manufacturing techniques, car
top testing and data logging system design.

Paper VI:
Subscale Flight Testing Used in Conceptual Design
This paper presents how subscale flight testing has been used in a design study of a generic
fighter aircraft with stealth capabilities. The study involved Swedish aerospace
companies/organizations such as SAAB AB, Volvo Aero and the Swedish Defence Research
Agency. The paper describes scaling considerations, manufacturing, flight testing and water
tunnel testing.
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